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Abstract: Pt/Nag 5Big 5TiOs/Lag 551y 5C0O3 (Pt/NBT/LSCO) ferroelectric capacitors were fabricated
on (110) SrTiO3 substrate. Both NBT and LSCO films were epitaxially grown on the (110) SrTiO3
substrate. It was found that the leakage current density of the Pt/NBT/LSCO capacitor is favorable to
ohmic conduction behavior when the applied electric fields are lower than 60 kV/cm, and bulk-limited
space charge-limited conduction takes place when the applied electric fields are higher than 60 kV/cm.
The Pt/NBT/LSCO capacitor possesses good fatigue resistance and retention, as well as ferroelectric
properties with P, = 35 uC/cm?. The ferroelectric properties of the Pt/NBT/LSCO capacitor can
be modulated by ultraviolet light. The effective polarization, AP, was reduced and the maximum
polarization Pmax was increased for the Pt/NBT/LSCO capacitor when under ultraviolet light, which can
be attributed to the increased leakage current density and non-reversible polarization P" caused by
the photo-generated carriers.
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1. Introduction

Ferroelectric films are widely used in microelectromechanical systems, sensors and ferroelectric
random access memory (FeRAM) due to their excellent dielectric, ferroelectric and piezoelectric
properties [1-5]. The mainstay ferroelectric materials for applications have traditionally been the
Pb(Zr,Ti)O3 (PZT) films due to their excellent performance (large remnant polarization P and small
coercive field Ec). However, the use of lead gives rise to environmental concerns, which is the
driving force for the development of alternative lead-free ferroelectric materials [6-8]. Nag 5Big 5TiO3
(NBT) with good ferroelectric properties and high Curie temperature has been considered to be an
excellent candidate to replace lead-based ferroelectric materials [9-11]. Polycrystalline NBT films
with Py = 11.9 uC/cm? have been grown on Pt/Ti/SiO,/Si substrates [12]. It is believed that the
highly oriented ferroelectric films (especially the epitaxial films) possess higher polarization than the
polycrystalline ones due to the lack of grain boundaries. Highly (111) oriented NBT film prepared
on Pt/Ti/SiO,/Si substrate shows a higher P; of 20.9 uC/em? [13]. (001) and (011) oriented epitaxial
NBT films fabricated on Pt-coated MgO and SrTiO3 substrates by pulsed laser deposition have good
dielectric and ferroelectric properties [14,15]. In addition, both P, and Ec are dependent on the crystal
orientation. For example, the P, and Ec are 15.9 uC/cm?, 12.6 uC/cm? and 126 kV/cm, 94 kV/cm for
(111) and (001) oriented NBT films [14,16].
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The electrode materials are very important for ferroelectric capacitors. The noble metals, such as
Pt, Au and Ag, are good electrode materials due to their excellent conductivity. However, the noble
metals as bottom electrodes react easily with oxygen derived from the oxide films and deteriorate
the performance of the oxide films [17]. Compared to Pt, Au and Ag, the Lag5Srg5CoO3 (LSCO) is
low in cost and can provide an oxide/oxide (LSCO/NBT) interface that will not capture the oxygen
from the oxide films [18,19]. In this work, Pt/NBT/LSCO ferroelectric capacitors were fabricated on
(110)-oriented STO substrate by magnetron sputtering and pulsed laser deposition with LSCO as
the bottom electrode. The microstructure and electrical properties of the Pt/NBT/LSCO ferroelectric
capacitors, as well as the effect of ultraviolet light on the ferroelectric properties of these capacitors,
were investigated.

2. Experimental

The (110) oriented Pt/NBT/LSCO/STO heterojunction was prepared by magnetron sputtering
and pulsed laser deposition. Step 1: LSCO film 60 nm in thickness was deposited on (110) STO
single crystal substrate by magnetron sputtering at room temperature with the following conditions:
Ar:0, = 3:1, power: 30 W. Post-annealing was conducted at 550 °C in a 1 atm oxygen-flowing tube
furnace. The sheet resistance of the LSCO layer was 20 ()/O0, which is quite low and would not affect
the measurements. Step 2: Nag 5Big 5TiO3 target with excess 10% bismuth and 10% sodium was used
to compensate the loss of bismuth and sodium. NBT film with a thickness of 400 nm was deposited
on the LSCO/STO heterostructure by pulsed laser deposition at 550 °C and 7.5 Pa oxygen deposition
pressure. The distance between the target and substrate was 5.5 cm; the laser energy density and
repetition rate were 2 J/cm? and 5 Hz, respectively. Step 3: Pt film with a thickness of 70 nm and an
area of 7.85 x 10> cm? was deposited by magnetron sputtering on the surface of the NBT/LSCO/STO
heterostructure through a shadow mask as the top electrodes of the capacitors. The Pt/NBT/LSCO/STO
heterostructure was rapidly annealed at 550 °C for 1 min under an O, atmosphere to make a better
contact between the NBT and Pt.

The surface morphology of the (110) NBT film was measured by atomic force microscopy
(AFM, MultiMode 8, Bruker, America). The phase structure was analyzed by X-ray diffractometer
(XRD, TD-3700, Tongda, Dandong, China, Cu K« radiation, tube pressure 30 kV, current 20 mA).
The ferroelectric properties of Pt/NBT/LSCO capacitor were tested using a ferroelectric tester (Precision
LC II, Radiant, America). The leakage current of the NBT film was tested using an I-V test system
(2601B, Kiethley, America ). The ultraviolet light source (CEL-HXUV300, Zhongjiaojinyuan, Beijing,
China) with 365 nm (5 mW/cm?) was used.

3. Results and Discussion

Figure 1a shows the XRD pattern of Pt/NBT/LSCO/STO heterojunction. In addition to the STO
(110) peak, (110) diffraction peaks of NBT and LSCO are observed without any diffraction peaks from
other directions, indicating that both NBT and LSCO films are highly (110) oriented. The full width
at half maximum (FWHM) of the (110) diffraction peak for NBT film is 0.301° based on the rocking
curve in Figure 1b, indicating high crystal quality. To further determine the epitaxial property of the
NBT film, the phi-scan on the (100) plane of NBT film was performed as shown in Figure 1c. The
two periodic diffraction peaks with similar intensity in the phi-scan further confirms that the NBT
film is of good epitaxial nature. Figure 1d shows the surface topography of NBT film measured by
AFM using tapping mode. It can be seen that the NBT film has a dense microstructure with a layered
surface and elongated grains. The grain size is about 265 nm wide. The surface mean square roughness
(RMS) is 15.5 nm, demonstrating that the NBT film has a highly crystalline quality. The elongated
grain is consistent with that of the (110) oriented NBT film grown on the SrTiO3 substrate reported by
Bousquet [15]. In addition, the appearance of PtO in XRD can be attributed to the reaction of Pt and
O,, since the sample was annealed at 550 °C for 1 min in O, atmosphere.
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Figure 1. (a) X-ray diffraction pattern of Pt/NBT/LSCO/STO heterojunction, in which the intensity of
(110) STO is normalized; (b) Rocking curve of (110) diffraction peak for NBT film; (c) Phi scan and
(d) AFM image of NBT film.

The leakage current density has a great impact on the electrical properties of the ferroelectric
capacitors. Low current density is necessary for devices. Figure 2a shows the relationship between
the leakage current density ] and the electric field E for Pt/NBT/LSCO ferroelectric capacitor. The
leakage current density is about 4 X 107% A/em? and 2 x 107* A/cm? at 250 kV/cm and —250 kV/cm,
respectively. To further explore the conduction mechanisms of the Pt/NBT/LSCO capacitor in different
electric field ranges, the leakage current curve was re-plotted as shown in Figure 2b. It was found that
two mechanisms account for the leakage current characteristic of the Pt/NBT/LSCO capacitor. The
log(J) and log(E) show a linear relation with a slope of 0.7 at 0~60 kV/cm, which is close to 1.0 and
implies ohmic-like conduction [20,21]. There are a small number of carriers generated by thermal
excitation in the NBT film, which contributes to the low J at 0~60 kV/cm. The nonlinear space-charge
current-limiting mechanism is responsible for the higher J at 60~250 kV/cm. The Fermi energy is
different for LSCO and Pt, which would cause a large Schottky barrier in the interfaces. A large number
of electrons gathered in the electrodes under E. These electrons are activated when E is higher than the
potential well and enter the NBT film to form leakage current. Thus, ] increased sharply.
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Figure 2. Leakage current density vs. applied electric fields (a) and log(J) vs. log(E) (b) for (110)
NBT film.

Figure 3a shows the P-E loops of (110) NBT film at different E under 10 kHz. (110) NBT film shows
typical ferroelectric P-E loops. Both P; and Pmax increase with E. The saturated P, of the (110) NBT film
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is about 35 pC/cm?, indicating good ferroelectric properties. The P; of NBT ceramic is 38.0 uC/em? [22].
In cubic structure, the angle between the (110) and (111) planes is 35.26°. In theory, P; = cos(35.26°)
x 38.0 uC/cm? ~ 31.0 uC/cm? by assuming the polarization vector is along the [111] direction. The
saturated P; of (110) NBT film is 35 uC/cm?, which is higher than that (P; = 31.0 uC/cm?) of the NBT
ceramic in (110) orientation. The increased P, in (110) NBT film can be attributed to the pressure stress
caused by the lattice mismatch in the NBT/LSCO interface. In the Pt/NBT/LSCO heterojunction, the
in-plane lattice parameter a is 0.389 nm and 0.383 nm for NBT and LSCO based on the XRD pattern. The
different lattice parameter a would lead to pressure stress and an enlarged c/a ratio (the out-of-plane
lattice parameter c to the in-plane lattice parameter a) in the NBT film. The relationship between the
saturation polarization Ps and c/a is (Ps)? « (c/a-1)? in ferroelectric materials [23]. Thus, the pressure
stress caused by the lattice mismatch will increase the polarization of the (110) NBT film.
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Figure 3. Electric field and frequency dependence of hysteresis loops (a,b) and AP (c,d) for (110)
NBT film.

The dependence of P-E loops on the frequency under 250 kV/cm was depicted in Figure 3b. The P-E
loops of (110) NBT film become weak with increasing frequency from 0.1 kHz to 10 kHz. This may
be due to the fact that the domain cannot be completely reversed at high frequencies, which leads
to a decrease in the polarization. The effective polarization AP (AP = P* — P*, P* is the reversible
polarization, P" is the non-reversible polarization) can remove the influence of leakage current and is
an important parameter for ferroelectric memories. Figure 3c is the dependence of AP on E. When E is
0~50 kV/cm, AP remains unchanged. AP rapidly increases with E as E is higher than 50 kV/cm and
gradually becomes saturated as E is over 175 kV/cm. At 200 kV/cm, AP is 20.3 uC/cm?. The slightly
increased AP as E > 200 kV/cm indicates that the ferroelectric domain may be completely inversed.
Figure 3d is the dependence of AP on the frequency. The AP declines nonlinearly with the increase
of frequency since the ferroelectric domains do not have enough time to inverse at high frequencies,
which leads to reduced P*. As the frequency is higher than 1 kHz, AP shows weaker dependence on
the frequency, indicating faster access speed.
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The fatigue of the Pt/NBT/LSCO capacitor was tested at 250 kV/cm and 1 MHz, as shown in
Figure 4a. No obvious degradation in AP can be found for the LSCO bottom electrode. However,
the AP reduced to 13.5 uC/cm? from 16.5 pC/cm? after 10! switching cycles for the Pt top electrode.
These results indicate that the LSCO bottom electrode is good for fatigue resistance and the Pt top
electrode would cause decreased AP due to the reaction of Pt and O from NBT film [18,19]. The inset
of Figure 4a presents the P-E loops before and after 10'° switching cycles, in which a decreased P-E
loop was observed. Figure 4b is the retention of the Pt/NBT/LSCO capacitor. There is no obvious
degradation in AP for either electrode after 10% s, indicating that the Pt/NBT/LSCO capacitor has good
retention characteristics. In addition, the similar P-E loops before and after 10* s shown in the inset of
Figure 4b further confirm the good retention characteristics. It seems that the retention characteristic is
independent on the electrode materials.
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Figure 4. Fatigue (a) and retention (b) of Pt/NBT/LSCO capacitor. The insets are the hysteresis loops
before and after 1010 switching cycles (a) and 10* s (b).

To investigate the effect of light on the ferroelectric properties of the Pt/NBT/LSCO capacitor,
ultraviolet light with a wavelength of 365 nm was used, since the forbidden gap of NBT film is 3.15 eV,
as shown in Figure 5a. Figure 5b shows the P-E loops of the Pt/NBT/LSCO capacitor under dark
and ultraviolet light. It can be seen that the Pray is 60.6 1C/em? and 63.8 pC/cm? under dark and
ultraviolet light, respectively, indicating that the ultraviolet light can increase the polarization of the
Pt/NBT/LSCO capacitor. Pmax (Pmax = 2AP + Jt, AP is effective polarization, ] is leakage current density
and t is time) can be affected by AP and ]. Under ultraviolet light, photo-generated carriers would be
generated in NBT film, increasing J, and thus causing an increase in Ppax. To further illustrate the
effect of ultraviolet light on AP, the dependences of AP on E and frequency under ultraviolet light were
investigated as shown in Figure 5¢,d. It can be seen that the ultraviolet light leads to reduced AP. This
is attributed to the increased P" caused by the ultraviolet light. The decreased AP further confirms that
the increased Pmax can be attributed to the increased ] under ultraviolet light. The ultraviolet light
leads to decreased AP, but does not change the tendencies of AP with E and frequency. Based on the
analysis described above, it can be concluded that the increased Ppax in the Pt/NBT/LSCO capacitor is
due to the increased ] caused by the photo-generated carriers rather than the increased AP.
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Figure 5. Forbidden gap (a), hysteresis loops (b), electric field-dependence (c¢) and
frequency-dependence (d) of AP for Pt/NBT/LSCO capacitor under ultraviolet light.

4. Conclusions

The Pt/NBT/LSCO capacitor was fabricated on (110) STO substrate by magnetron sputtering
and pulsed laser deposition with LSCO as the bottom electrode. The microstructure and electrical
properties of the (110) oriented NBT film were investigated. It was found that the (110) oriented
NBT/LSCO films were epitaxially grown on SrTiO3 substrate with high crystal quality. The (110) NBT
film shows good ferroelectric properties, with Py = 35 uC/cm? and a small leakage current density of
4.02 x 107* A/cm? at 250 kV/cm. The ohmic conduction mechanism and nonlinear space charge limiting
accounted for the conduction mechanisms at 0-60 kV/cm and 60-250 kV/cm, respectively. The AP of the
Pt/NBT/LSCO capacitor shows strong dependence on both the electric field and frequency. In addition,
the Pt/NBT/LSCO capacitor processes good fatigue resistance and retention. The ultraviolet light leads
to increased leakage current density and non-reversible polarization P*, and causes reduced AP and
increased Prmax. These results can provide a reference for the research and development of lead-free
NBT ferroelectric storage devices.
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