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Strontium barium niobate (Sr,,Ba,,Nb,O,, SBN) thin films of good quality were deposited
on silicon substrates by radio frequency magnetron sputtering at room temperature and under
different deposition pressures. The surface morphology and thicknesses of the SBN thin films were
characterized by field emission scanning electron microscopy, and it was found that the thickness
increased as the deposition pressure increased. The nanocrystalline structure of the SBN thin films
was observed for 10 and 30 mTorr deposition pressures. Ferroelectric properties were determined
by measuring leakage current density, capacitance, and polarization. For the SBN thin film
deposited at 30 mTorr, the remnant polarization, saturation polarization, and coercive field values
were 20.67 pC/cm?, 12.23 pC/cm?, and 1.73 MV/cm, respectively.

1. Introduction

Ferroelectric materials are an important class of materials whose main characteristic is the
presence of a spontaneous polarization that can be changed with an external electric field.®V
Ferroelectric materials with switching behavior of polarization have attracted much attention for
their use in novel electronic devices, such as nonvolatile high-density memory applications. For
example, the electrical switching of ferroelectric materials between two stably polarized states
gives rise to the binary codes for nonvolatile ferroelectric random access memories (FERAMs). 1t
has been experimentally found that FeRAMs are extremely durable, meaning that their polarization
state can be changed as many as 10'% times without fatigue.® Ferroelectrics include titanates,
zirconates, and niobates, and they can be classified on the basis of their structural type.

In February 2003, the European Union adopted the Restriction of Hazardous Substances
(RoHS) directive, limiting the use of certain hazardous substances in electrical and electronic
equipment. Thus, developing environmentally friendly, lead-free-based ceramics to replace Pb-
based ceramics has become one of the main goals in current research. Sr,Ba, Nb,Oq is an attractive
ferroelectric material, widely considered very useful in diverse device applications, including
memory devices, waveguide devices, and others.*> Sixty years ago, Magneli deduced the tungsten
bronze composite structure. The tungsten bronze composite family is one of several ferroelectric
materials to include niobates such as Sr.Ba, Nb,O,.» However, so far, only a few studies have
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focused on Sr,.Ba, ,Nb,O¢-based thin films that have different compositions, with a view to further
possible applications. Sr,Ba, ,Nb,O, presents a tetragonal or orthorhombic phase, depending
on its composition and temperature. Investigation of Sr,Ba, Nb,O, ceramics using X-ray
diffraction suggests that a morphotropic phase boundary (MPB) exists around the composites of
Sr,,sBa, ;sNb,Og, which is characterized by the coexistence of tetragonal and orthorhombic phases.”
The Sr,,Ba,{Nb,O4 ceramic presents a tetragonal ferroelectric phase between 120 and 293 °C, an
orthorhombic phase below 120 °C, and a tetragonal paraelectric phase above 293 °C.

In the past, Sr,Ba, Nb,O, thin films were prepared by several techniques, including sol-gel
processing,®? pulsed laser deposition (PLD),%!) and metalorganic chemical vapor deposition
(MOCVD).0219 Recently, the preparation of SBN thin films by a chemical method based on a
polymeric resin containing metallic ions has been proposed.'¥ However, radio frequency (RF)
magnetron sputtering is a simple method of depositing thin films.('¥ In this work, Sr,,Ba,;Nb,O; (SBN)
thin films were obtained by an RF magnetron sputtering method at room temperature. The effect
of deposition pressure on the crystallinity and ferroelectricity of SBN thin films was studied by
scanning electron microscopy and X-ray diffraction (XRD), and by the analyses of leakage current,
capacitance, and polarization.

2. Experimental Procedure

SrCO,, BaCO;, and Nb,O5 were mixed to form the SBN ceramic, which was then ball-milled
with deionized water for 1 h. After drying and grinding, the powder was calcined at 1100 °C for
2 h, and formation of the tungsten bronze structure was confirmed from the XRD pattern. After
grinding again, the calcined powder was uniaxially pressed in a steel die into a 2-inch disk, and the
ceramic was sintered at 1350 °C in air for 2 h. The SBN thin films were deposited under various
deposition pressures on a polished Si wafer of nominal resistivity (~1.0 Q cm) by an RF sputtering.
The deposition power was 100 W, and pure argon (Ar) was used as the reaction gas. The working
distance between the substrate and the target was fixed at 10 cm. The structure of the SBN thin
films at different deposition pressures was analyzed by XRD using CuKa radiation from a Rigaku
rotating anode with an incident angle of 2°. Field emission scanning electron microscopy (FE-
SEM) was used to study the surface morphologies of the deposited SBN thin films. The electrical
properties of the SBN thin films were measured using metal-ferroelectric-metal (MFM) and metal-
ferroelectric-insulation-semiconductor (MFIS) structures, as shown in Fig. 1. The aluminum (Al)
top electrodes were deposited by electron beam evaporation on the SBN thin films, with a 1-mm-
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Fig. 1. (Color online) Diagrams of (a) MFM and (b) MFIS structures.
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diameter shadow mask, to form the MFM and MFIS structures. The leakage current density versus
applied electric field (J—F) was measured for the MFIS structure using an HP 4156 semiconductor
parameter analyzer. The MFIS structure was also used to measure capacitance versus voltage (C—
V) using an HP 4294A precision impedance analyzer. All measurements were conducted at room
temperature. The saturation polarization, remanent polarization, and coercive field properties of the
MFM structure were measured using ferroelectric material test instruments.

3. Results and Discussion

Figure 2 shows surface FE-SEM images of the SBN thin films. It is evident that the SBN
surface morphology varies markedly with the different sputtering pressures, as the results in Figs.
2(a) to 2(d) show. In the case of the SBN thin film deposited at 5 mTorr [Fig. 2(a)], the surface is
smooth and no grain growth is observable. This is because at this low pressure, the mean free path
between the substrate and target is longer and the kinetic energy of the sputtered particles arriving
at the substrate surface is enhanced. The higher the kinetic energy, the more sputtered atoms
with high surface mobility reach the substrate surface, creating a smoother SBN thin film.('®
As Fig. 2(b) shows, grain growth in the SBN thin films was improved at a deposition pressure of 8
mTorr. Figures 2(c) and 2(d) show the results for deposition pressures of 10 and 30 mTorr. As the
SEM image shows, the SBN thin films have grain sizes of 3—10 nm and 7-16 nm, respectively. At
higher deposition pressures, because of the shorter collisional mean free path of the particles, the
sputtered atoms suffer multiple collisions before reaching the substrate; they cannot make proper
arrangements on reaching the substrate owing to their reduced kinetic energies; hence, they form
large grains during deposition.!” Thus, the grain growth of the SBN thin films increases as the

Fig. 2. Surface FE-SEM images of the SBN thin films deposited at different pressures: (a) 5, (b) 8, (c) 10, and (d)
30 mTorr.
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deposition pressure increases from 5 to 30 mTorr. From these results, the deposition pressure at
which the sputtering takes place has an important impact on the growth process of thin films.

The thickness of the SBN thin films also increases as the deposition pressure increases from 5 to
10 mTorr, as shown in Fig. 3. It is theorized that Ar ions remove SBN molecules from the surface
of the SBN ceramic target. When the deposition pressure is lower (5 mTorr), there are fewer Ar
ions to remove SBN molecules, leading to a lower deposition ratio for the SBN thin film. As the
deposition pressure is increased from 5 to 10 mTorr, more Ar ions bomb the surface of the SBN
ceramic target. Because of that, more SBN particles deposit on the substrate and the thickness of
the SBN thin films increases. As the sputtering pressure is increased to 30 mTorr, the mean free
path of the sputtered particles becomes shorter and the energy of the sputtered particles arriving at
the substrate surface falls due to collisions with Ar ions. Less energy is left for substrate surface
diffusion, so the sputtered particles have less surface mobility. The thickness of the SBN thin films
therefore decreased to 181.3 nm as the deposition pressure increased from 10 to 30 mTorr.

Figure 4 shows the effect of deposition pressure on the thickness and grain sizes of the SBN
thin films. At deposition pressures of 5, 8, 10, and 30 mTorr, the thicknesses of the SBN thin films
were 127.02, 236.43, 450.53, and 181.27 nm, respectively. The grain sizes of the SBN thin films
were 6.9, 14.8, 20.8, and 60.1 nm, respectively. Results from XRD analysis of the SBN thin films
deposited at different pressures are shown in Fig. 5. All SBN thin films showed an amorphous
structure because they were deposited at room temperature. Crystalline peaks at 38.5 and 44.7°
were observed in the Al electrode, and the diffraction peaks’ intensities decreased as the deposition
pressure increased from 5 to 10 mTorr. This result confirms that the thickness of the SBN thin films
increases as the deposition pressure increases from 5 to 10 mTorr (as shown in Figs. 3 and 4).

Fig. 3. Cross-sectional FE-SEM images of the SBN thin films deposited at different pressures: (a) 5, (b) 8, (¢) 10,
and (d) 30 mTorr.
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Fig. 4. (Color online) Thickness and grain size of the SBN thin films deposited at different pressures.
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Fig. 5. (Color online) XRD analysis of the SBN Fig. 6. (Color online) J-E curves of the SBN thin
thin films deposited at different pressures: (a) 5, (b) 8, films deposited at different pressures.
(c) 10, and (d) 30 mTorr. (The m symbol indicates the
Al phase.)

Figure 6 shows the J—F curves of the SBN thin films with the MFM structure as a function of
deposition pressure. The leakage current density of the SBN thin films increased slightly as the
deposition pressure increased from 5 to 10 mTorr. There are many factors that affect the leakage
current densiny, including the thickness of and defects in the deposited SBN thin films. This
is due to the Ar atmosphere, which means that more oxygen vacancies and defects exist in the
SBN thin film at higher deposition pressures. To explain these results and explore the effects of
oxygen vacancy and defects on SBN thin films, the leakage current density versus electrical field
curves were fitted to Schottky emission or Poole-Frenkel mechanism models to characterize the
improvement in the leakage current of the SBN thin films.(®!” When the deposition pressure was
30 mTorr, the leakage current density was slightly lower than that at 10 mTorr. When the deposition
pressure was 5 to 30 mTorr, the leakage current density first increased with the increase in applied
electrical field, then became saturated at 2.03 x 107, 3.05 x 107, 7.78 x 107, and 3.96 x 10~ A/cm?
as the electrical field increased from 0 to 0.5, 0.56, 0.7, and 0.68 MV/cm, respectively.
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The C-V curves of the SBN thin films were measured with an HP 4294 impedance analyzer for
the MFIS structure; the results are shown in Fig. 7. The applied voltages were first changed from
=20 to 20 V and then returned to —20 V. The capacitance of the SBN thin films increased from 33
to 34 pF, from 52 to 55 pF, from 88 to 95 pF, and from 63 to 89 pF at deposition pressures of 5, §,
10 and 30 mTorr, respectively. The increase in the capacitance of the SBN thin films is considerable
because the grain size and crystalline orientation increase, causing an increase in polarization. The
memory windows of the SBN thin films were not observable at a deposition pressure of 5 mTorr.
As the pressure increased from 8 to 10 to 30 mTorr, the memory windows of the SBN thin films
were 6.2, 5.1, and 9.7 V, respectively. The memory window is defined as the flat-band voltage
shift in the aligned directions of the C-J curves.?” We compared the relationships between the
memory windows and the leakage current densities of the SBN thin films shown in Figs. 6 and 7.
For the SBN thin films deposited at 10 mTorr, as we know, for the ferroelectric thin films, the larger
leakage current density causes less charge to be residual in the ferroelectric layer and then leads to
a smaller memory window. In addition, when the negative voltage is biased on the ferroelectric
thin film, holes accumulate at the Si0,—Si interface. If there are defects and holes tunnel into the
Si0,-Si interface and through the SiO, layer, this causes the C—V curve to change from clockwise to
counterclockwise, decreasing the memory window.)

Figure 8 shows the polarization versus applied electrical field (P—E) curves of the SBN thin
films with the MFM structure. The development of hysteresis loops in the SBN thin films confirms
the ferroelectric nature. The hysteresis loops were not found in the SBN thin films deposited at 5
and 8 mTorr. The SBN thin films deposited at 10 mTorr had the maximum remnant polarization (Pr),
saturation polarization (Ps), and minimum coercive field (Ec) of 2.68 uC/cm?, 8.71 nC/cm?, and 0.57
MV/cm, respectively. The Pr, Ps, and Ec values of the 30-mTorr-deposited SBN thin films were
20.67 uC/em?, 12.23 pC/cm?and 1.73 MV/cm, respectively. The Pr, Ps, and Ec values of the SBN
thin film deposited at 30 mTorr and room temperature were larger than those in other reports.?>2%
These results suggest that we have improved the remnant polarization of the SBN thin films with a
deposition pressures of 30 mTorr.
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Fig. 7. (Color online) C—V curves of the SBN thin films at different deposition pressures.
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Fig. 8. (Color online) P-E curves of the SBN thin films with different deposition pressures under different
applied voltages: (a) 10 and (b) 30 mTorr.

4. Conclusions

In this study, we employed RF sputtering to deposit SBN thin films. When 10 and 30 mTorr
were used as the deposition pressures, the grain size distributions of the SBN thin films were 3—10
and 6-15 nm, respectively. As the deposition pressure was increased from 8 to 30 mTorr, the
memory windows of the SBN thin films were 6.2, 5.1, and 9.7 V, respectively. For the SBN thin
film deposited at 10 mTorr, a smaller memory window was obtained because larger leakage current
density led to less residual charge in the ferroelectric layer. In addition, defects occurred, and holes
tunneled through the SiO,—Si interface into the SiO, layer, causing the memory window of the
SBN thin films to decrease. The Pr, Ps, and Ec values of the SBN thin film deposited at 30 mTorr
were larger than in other reports. In the future, the SBN thin films will play an important role in
applications for nonvolatile memory devices.
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