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Ferroelectric SrBi,Ta,O4 (SBT) thin films on Pt/ZrO,/Si0,/Si were successfully
prepared by using an alkanolamine-modified chemical solution deposition method. It
was observed that alkanolamine provided stability to the SBT solution by retarding the
hydrolysis and condensation rates. The crystallinity and the microstructure of the SBT
thin films improved with increasing annealing temperature and were strongly correlated

with the ferroelectric properties of the SBT thin films. The films annealed at 800 °C
exhibited low leakage current density, low voltage saturation, high remanent polarization,
and good fatigue characteristics at least up to 10'° switching cycles, indicating

favorable behavior for memory applications.

. INTRODUCTION

In recent years, ferroelectric thin films have been ex-
tensively investigated for nonvolatile memory applica-
tions." Although Pb(Zr,Ti,_,)O5 (PZT) materials have
been considered to be promising candidates for these
applications,*® PZT thin films undergo severe polariza-
tion fatigue with metal electrodes,®’ which may limit
their applicability. Recently, it has been reported that
Sr Bi,Ta,0, (SBT) layer-structured ferroelectric thin
films have high potentials for memory applications due
to good fatigue resistance and low voltage polarization
switching.®

Among various preparation techniques for SBT thin
films, chemical solution deposition (CSD) is promising
because it provides high purity, large deposition area,
and easy composition control.'®'" However, a stable,
simple preparation process for SBT solutions has not
previously been reported due to limitations of preferred
precursors.

In this study, a new chemical route using an alkanol-
amine as a chelating agent is suggested. It is found that a
particular chelating agent increases the stability of the
SBT solution. The optimal processing window for pro-
ducing SBT thin films using this new chemical solution
method is reported here. We also make a comparative
investigation of surface microstructures, crystallization
behaviors, and related ferroelectric properties for SBT
thin films prepared using this method as a function of
annealing temperature.

J. Mater. Res., Vol. 14, No. 11, Nov 1999

Il. EXPERIMENTAL

The choice of precursors, solvents and chelating
agents is very important for producing high-quality thin
films using chemical solution deposition (CSD) process-
ing. In this work, SBT solution (St/Bi/Ta = 0.8/2.3/2)
was prepared using Sr—acetate [Sr(CH;CO,),], Bi—nitrate
[Bi(NO5); * 5SH,O], and Ta-ethoxide [Ta(OC,Hs)s]
as precursors. Acetic acid for Bi and methanol for Sr and
Ta were used as solvents. In the CSD method, hydrolysis
and condensation rates are an important factor that must
be controlled to maximize solution stability. In general,
in order to reduce the reactivity of hydrolysis and
condensation, complexing or chelating agents are
needed.'>'® In this study, we used alkanolamine as a
complexing agent for the SBT solution. Alkanolamine is
an alkoxy alcohol used for formation of homogeneous
products and to enhance stability of the gel, by reducing
the hydrolysis reaction rate.>'*

Films were spin coated onto Pt/ZrO,/Si0,/Si substrate
at 3000 rpm for 30 s and subsequently dried at 260 °C for
5 min, 450 °C for 10 min, and 700 °C for 3 min for each
layer. The coated films were annealed at 700, 750, or
800 °C for 1 h in O, through direct insertion into a tube
furnace. Final film thickness was 200 nm by scanning
electron microscopy (SEM). For electrical measure-
ments, Pt top electrodes (area = 3.96 x 10~ cm?) were
deposited on the SBT thin films by ion-beam sputter
deposition. Crystallization behavior and film orientation
were investigated using an x-ray diffractometer operated
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Cu K, radiation; polarization—electric (P-E) field hyster-
esis loops and fatigue properties of the films were inves-
tigated using a Radiant RT66A ferroelectric tester.

lll. RESULTS AND DISCUSSION

In general, metal alkoxides have a tendency to react
easily with H,O containing OH™' ligands due to their low
electronegativity, high partial charge, and the large ionic
radius of metal ions.'*'> To maximize solution stability,
hydrolysis and condensation rates must be controlled. In
this study, we used alkanolamine as a complexing agent
for the SBT solution, so as to reduce the reactivity of the
hydrolysis and condensation. In addition to its complex-
ing effects, alkanolamine has excellent dissolving power
for Sr acetate. However, in the case of SBT solutions, the
Bi precursor has a serious limitation for solubility with
an alcohol or alkanolamine. It is soluble only with acetic
acid, and this makes it difficult to easily prepare stable
solutions.

In the preparation of the SBT solution, acetic acid
serves as more than a simple solvent; it might act as a
chemical modifying agent by reacting with the alkoxide
precursors at a molecular level, replacing at least some of
the alkoxy groups, and thus, altering the hydrolysis and
condensation characteristics of the precursors. However,
in this case, acetic acid can also lead to the production of
reaction by-products such as free alcohols and the for-
mation of water and ester compounds such as methyl or
ethyl acetate. Figure 1 displays Fourier transform infra-
red (FTIR) spectra of an SBT solution as a function of
aging time, in order to investigate stability and structure
of the solution. The predominant spectral features in-
clude two intense bands centered at ~1570 and
~1440 cm™', which are due to the asymmetric and sym-
metric COO stretching vibrations of the acetate ligand,
respectively. The band separation of ~130 cm™" shows
bidentate acetate coordination; however, it is not possible
to determine whether acetate groups are bridging or sim-
ply chelating from these peaks. The simple implication of
the fact that one of these peaks is present as a multiple,
and that the other peak shows a distinct shoulder, might
be indicative of bridging acetate groups of different na-
ture and that these bands confirm that acetic acid reacts
with the alkoxide precursors at a molecular level.

The presence of other bands in the FTIR spectra is also
very important. The shoulder at ~1250 cm™" and the peak
at 1740 cm™" are consistent with the formation of an ester
compound. This by-product is possibly formed due to the
reaction of acetic acid with an alcohol. This reaction can
lead to the formation of water, which may continuously
induce the hydrolysis and condensation of the precursors,
leading to degradation of the solution with increased ag-
ing time. To compensate for these drawbacks, we used
alkanolamine to reduce the hydrolysis and condensation
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FIG. 1. FTIR spectra of an SBT solution as a function of aging time:
(a) 1 day, (b) 1 month, and (c) 3 months.

reaction. Alkanolamine as a complexing agent causes
steric hindrance and inductive effects, which reduce the
reaction of water with alkoxide precursor and improve
stability of the solution with aging time.>'* As shown in
Figs. 1(a) and 1(b), the FTIR spectra of the solution are
not significantly changed up to 1 month. This implies
that the solution is quite stable in this period without any
change of solution properties.

However, FTIR spectra of a solution aged 3 months show
significant changes as compared to Figs. 1(a) and 1(b).
It is found that most of the peaks of the FTIR spectra are
suppressed, particularly peaks below 1000 cm™ related
to metal-oxygen (M-0O), implying the loss of solution
properties. As a result, we can expect that the optimal
processing window for stability of the alkanolamine-
modified SBT solution is at least up to 1 month.

Figure 2 shows differential thermal analysis (DTA)
and thermogravimetric analysis (TGA) curves of SBT
gel powder in the range from room temperature to
800 °C. The DTA curve shows endothermic behavior
below 200 °C due to desorption of absorbed H,O and
evaporation of the solvents with low boiling points such
as methanol and free alcohol. The exothermic peaks be-
low 400 °C correspond to removal and decomposition of
nonreacted alkanolamine, and by-products of organic
compounds formed by hydrolysis and condensation re-
actions. The broad peaks at high temperature might be
mainly attributed to crystallization of the SBT gel pow-
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FIG. 2. DTA and TGA curves of SBT gel powder.

der. However, because a large weight loss is observed in
the TGA curve in this temperature range, the peaks seem
to be overlapped with the peaks arising from the decom-
position of residual organics and bridged or reacted al-
kanolamine. The TGA curve shows about 40% weight
loss in total due to evaporation of the solvents and de-
composition of organic groups.

The drying condition for the decomposition of residual
organics in the films is determined on the basis of ther-
mal analysis of the SBT gel powder, even if the decom-
position temperature of residual organics for the film and
the powder is not identical. Successful preparation of
SBT thin films requires that the films should be free from
cracks and processing-induced defects. In general, large
internal stress causes cracking due to the volume change
during the drying and firing process of a wet-coated
film.'®'” This internal stress can be partially relaxed by
controlling the drying process, that is, by carefully se-
lecting the drying temperature steps. For this reason, the
drying process accompanied by the pyrolysis of organo-
metallic compounds is a critical step in film preparation.
Drying steps also establish the precrystallization condi-
tions, including perhaps at least to some degree the metal
coordination, that may be necessary to crystallize a well-
ordered film. On the basis of the temperature where the
main solvent and residual organics are removed, the dry-
ing of the SBT thin films is carried out in three steps at
260, 450, and 700 °C.

Figure 3 shows x-ray diffraction (XRD) patterns as a
function of film-annealing temperature, carried out at
700, 750, and 800 °C in an oxygen atmosphere for 1 h. It
is possible to obtain a pure perovskite phase at the an-
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FIG. 3. XRD patterns of SBT thin films as a function of annealing
temperature.

nealing temperature of 700 °C. However, longer anneal-
ing time and higher annealing temperature are required
for SBT thin films to become well crystallized with re-
spect to PZT thin films.” The peak intensity and sharp-
ness in the XRD patterns are found to increase with
increasing annealing temperature, indicating better crys-
tallinity and surface microstructure of the films. The
XRD patterns reveal that the films are polycrystalline in
nature with highly textured (115) orientation.

SEM images of SBT thin films annealed at 700, 750,
and 800 °C in O, for 1 h are shown in Figs. 4(a), 4(b),
and 4(c), respectively. It is observed that density and
uniformity of the films increase with increasing anneal-
ing temperature, indicating improvements in microstruc-
ture. The SBT film annealed at 700 °C in Fig. 4(a) shows
a porous and locally inhomogeneous microstructure. In
contrast, the surface morphologies of the films annealed
at 750 and 800 °C as shown in Figs. 4(b) and 4(c) show
well-developed grain structure. These two films show
very similar surface features with uniformly distributed
grain islands. Increasing annealing temperature from 700
to 800 °C does not lead to any obvious increase of grain
size. Frequently, SBT thin films produced by other meth-
ods have asymmetric, wormlike morphologies;'®'® how-
ever, alkanolamine-modified films show spherical grain
and dense structure. The average grain size of the films is
approximately 0.2-0.3 pm.

Figure 5 shows polarization—voltage (P-V) hysteresis
loops of SBT thin films as a function of annealing tem-
perature, measured from 1 to 5 V. It is observed that the
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FIG. 4. SEM micrographs of SBT thin films annealed at (a) 700 °C, (b) 750 °C, and (c) 800 °C in O, for 1 h.

values of remanent polarization (P,) and coercive voltage
(V,) increase and the P-V hysteresis loops reveal well-
saturated shapes with increasing annealing temperatures
and applied voltages. The typical hysteresis loop of the
SBT thin film annealed at 800 °C is obtained at 2 V, and
it is fully saturated even below an applied voltage of 3 V
(2P, = 16 wC/cm?). The measured 2P, value of the SBT
thin film at 5V is almost 20 wC/cm?®. The SBT film
annealed at 750 °C reveals a somewhat smaller P, value
(2P, = 15 pC/cm? at 5 V) as compared to the film an-
nealed at 800 °C, but shows a very similar trend as a
function of applied voltage. However, the film annealed
at 700 °C has a very low P, value (2P, = 7 wC/cm” at
5 V), and it is not saturated even at high applied voltage
of 5V, even though the XRD pattern indicates the
perovskite phase with little detectable secondary phase.
We can postulate that there is some type of unoriented,
nanocrystalline second phase or locally inhomogeneous
crystallization behavior of the film. If this is the case,
either no diffraction peaks or peaks of only very low
intensity would be present even though a pure perovskite
phase of the films is detected by XRD.

To further investigate the structure and the crystalli-
zation behavior of the SBT thin films, micro-Raman
spectroscopy was performed with the 514.5-nm line of an
Ar ion laser. Because the diameter of the focused laser
beam is ~5 pm, it is possible to analyze a very localized
area of each sample. Raman spectra were collected from
two different regions (center and edge) of the films, to
determine if the films are formed by a spatially homo-
geneous crystallization process.

The irreducible representation for tetragonal SBT
films with I4/mmm symmetry can be expressed as>’

I' = 4A,, + 2B, + 6E, + 7TA,, + B,, + 8E, . (1)

Among these modes, 4A,,, 2B,,, and 6E, modes are
Raman active. For orthorhombic SBT, the degeneracy of
the E, mode is lifted by splitting it into B,, and Bs,.

4398

Figure 6 shows the Raman spectra from SBT thin films
as a function of annealing temperature. The position and
the full-width at half maximum (FWHM) of the Raman
peaks as indicated on the figure are determined by fitting
with Voigt functions. Three peaks are observed from the
substrate (Pt/ZrO,/Si0,/Si). These are detected at ~116,
~160, and ~268 cm™'. The SBT Raman band at
~207 cm™" is assigned to the O-Ta-O bending mode
By + B3g).21 The band at ~599 cm™' is associated with
a Ta—O-Ta mode. These bands, which share their oxygen
atom with another Ta atom, are similar to those found in
perovskite niobates. The peak at 810 cm™" is produced by
the A,, mode due to the stretching of TaOg octahedra.*

As can be seen from Fig. 6, the FWHM of the peaks at
599 and 810 cm™' decreases with increasing the anneal-
ing temperature from 700 to 800 °C. The Raman spectra
indicate that the films annealed at 750 and 800 °C are
relatively well crystallized, and the crystallinity of the
films is relatively homogeneous across the sample. The
film annealed at 700 °C, however, shows inhomogeneity
in crystallinity, because the center and edge of the film
yield different Raman spectra. The spectrum of the center
of the film does not show any Raman peaks except those
of the substrates. It implies that the center of the film has
poor crystallinity as compared to the edge of the film. As
a result of XRD, SEM, and Raman analysis, the crystal-
linity and the uniformity of the SBT thin films are found
to improve with increasing annealing temperature, and
this in turn is strongly correlated with the ferroelectric
properties of the SBT thin films.

Another important factor for ferroelectric properties of
SBT thin films such as polarization is film orientation.>?
To clarify the impact of orientation on the polarization
behavior of these films, we fabricated a film with a
mixed (00/)/(115) orientation by changing the drying
condition and substrate treatment, instead of the highly
textured (115) orientation. We will discuss the control of
the film orientation in another paper in detail. Figure 7
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FIG. 5. P-V hysteresis loops of SBT thin films annealed at (a) 700 °C,
(b) 750 °C, and (c) 800 °C in O, for 1 h.

and Fig. 8 show the XRD pattern and the P-V hysteresis
loops, respectively, of this film annealed at 800 °C in
oxygen atmosphere for 1 h. It is observed that (00/) ori-
ented film has a much lower P, as compared to that of
(115) oriented film. The 2P, value of this film measured
with an applied voltage of 5V is just 9 um/cm?. This is
consistent with previous observation of no or little spon-
taneous polarization along the ¢ axis in SBT.***

Leakage current density is another important consid-
eration for device application. In general, SBT-based ca-
pacitors show low leakage current density at low applied
voltage (<5 V) even for small film thicknesses
(<100 nm).”** Figure 9 shows the leakage current den-
sity of these SBT thin films as a function of annealing
temperature and applied voltage. The leakage current
density of the films is decreased with increasing anneal-
ing temperature. This is consistent with the conclusions
drawn from microstructural characterization above, that
the microstructure of the film annealed at high tempera-
ture shows a dense and well-developed grain structure
with good crystallinity, whereas the more porous micro-
structure of the 700 °C annealed sample can provide easy
leakage paths. The leakage current density of the film
annealed at 800 °C is around 107" A/cm” up to 8 V;
however, the leakage current density increases abruptly
above 8 V.
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Figure 10 shows fatigue properties of SBT thin films
measured at 500 kHz, and 5 V. All the films exhibit neg-
ligible polarization fatigue even with Pt electrode up to
10'° cycles. These fatigue results confirm that the films
produced using the techniques described here are of high
quality.

IV. CONCLUSIONS

A new chemical route for deposition of SBT films is
demonstrated, which uses an alkanolamine as a chelating
agent for SBT the solution. The alkanolamine-stabilized
solution has a lifetime of at least 1 month without any
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FIG. 7. XRD pattern of SBT thin film with a mixed (115)/(00l)
orientation.

55 60

L e e e I e i e e e e A

10 + .

100 E T T T T T T T T T T T T T T T T T T E
102 L 700°C,
104 | .
< i ;
g 750°C
< 10° [ ]
- ]
3 800°C]

10% L -
10'10 ] 1 L | 1 1 1 | 1 1 ‘ 1 L L | 1 L 1 ‘ 1 1 :
‘12 -8 -4 0 4 8 12

Applied Voltage (V)

FIG. 9. Current density—voltage curves of SBT thin films as a function
of annealing temperature.

25 ooy

20

E .

00000 ]

5L

Ty aA A Asad ]
= | |—m=—s800°Cc}: - o . ]
O o {-o—7sCl
& [amec)
A 500 kHz, 5V |=4“4AXdddaa 2 ]

Polarization (uC/cmz)

FUVND NS VU S SR N [ T N PR IS

6 -5 4 3 -2 10 1 2
Applied Voltage (V)

FIG. 8. P-V hysteresis loops of SBT thin film with a mixed (115)/
(000) orientation.

w |
nE
m-_
»

4400

006 65009

Fatigue cycles

FIG. 10. Fatigue behaviors of SBT thin films as a function of anneal-
ing temperature, measured at 500 kHz and 5 V.

J. Mater. Res., Vol. 14, No. 11, Nov 1999



S-H. Kim et al.: An optimized process for fabrication of SrBi,Ta,Oq thin films using a novel chemical solution deposition technique

appreciable change of the solution properties. The films
fabricated from this solution and annealed at a tempera-
ture of 800 °C exhibit low leakage current density, low
voltage saturation, and high remanent polarization as
compared to those of low-temperature annealed films.
XRD, SEM, and Raman spectroscopy indicate that the
improvement in properties with higher annealing tem-
perature is due to improved film density and crystal qual-
ity, as indicated by sharpening of the Raman peaks for
the SBT vibrational modes. These SBT thin films exhibit
negligible polarization fatigue even with Pt electrodes up
to at least 10'° cycles, indicating favorable behavior for
memory applications.
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