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Epitaxial-like Growth of Solution-processed PbZr0.4Ti0.6O3 Thin Film on Single-crystal Nb-doped SrTiO3 Substrate
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Abstract: PbZr0.4Ti0.6O3 (PZT) thin films have been conventionally fabricated on traditional silicon substrates with a platinum bottom electrode; however, as a consequence of unit cell mismatch, the films are difficult to form as an epitaxial-like growth. Hence, PZT films deposited on single-crystal niobium doped SrTiO3(111) substrates (Nb:STO) are promising to solve this issue thanks to the similar perovskite structure between PZT and STO. Essentially, Nb:STO material is a conductor, playing a part in both bottom electrode and epitaxial substrate. In this work, 200-nm-thick PZT films were successfully fabricated on Nb:STO substrates by a solution process. One obtained that PZT(111) peak started to appear on the Nb:STO substrate at a low annealing temperature of 450oC. Also, scanning electron microscopy observation shows smooth and homogeneous surface of PZT films on Nb:STO substrate with no grain boundary, which evidences for epitaxial-like growth of PZT thin films. Remnant polarization of 6 µC/cm2 and leakage current of 8×10-8 A were obtained at applied voltage of 5 V. 
Keywords: PZT, Nb:STO, spin-coating, ferroelectric, FeRAM.
1. Introduction(
In past decades, PbZr0.4Ti0.6O3 (PZT) thin film has attracted much attention because of excellent ferroelectric and piezoelectric properties, which are favorable for non-volatile memory and micro-electromechanical system applications [1-7]. Generally, polycrystalline PZT film is utilized in such applications, but it shows insufficient polarization and piezoelectric effect, partially due to complicated grain orientations and inevitable grain boundaries. Therefore, some recent investigations have been devoted to seeking for appropriate substrate materials which are compatible with the overlaid PZT films in thermal expansion coefficient and crystal structure, aiming to fabricate a single-crystal PZT thin film. For instance, a buffer layer was covered on a silicon substrate such as La1-xSrxCrO3/SrTiO3, La1-xSrxCrO3/CeO2/ZrO2/Y2O3, and LaNiO3 [8-10]. However, the thermal expansion coefficient of Si differs significantly from that of PZT, the ferroelectric property of PZT still remains poor. On the other hand, the PZT thin films fabricated on single-crystal substrates (SrTiO3, MgO, LaAlO3) with bottom electrodes (La1-xSrxCrO3, SrRuO3) exhibited excellent remnant polarization and low leakage current characteristic. Among these substrates, SrTiO3 (STO) is preferred because their electrical properties can be turned from insulator to semiconductor or even metal by intrinsic doping, through the control of the oxygen vacancy concentration in the perovskite structure, or by extrinsic doping, obtained from cation substitution producing either n- or p-type semiconducting behavior. The most common n-type mechanism is typically achieved by substituting B site Ti4+ by Nb5+ or A site Sr2+ by La3+. It leads to the upward shift of the Fermi level into the conduction band [11]. The extrinsic doping concentration level is usually proportional to the number of carriers presented in the structure, which dictates the conductive and electronic transport mechanism of the material [12]. With a slightly doped Nb, STO can transfer from dielectric to conducting, and play a role in both a bottom electrode and oriented substrate. In addition, the crystal structure of STO is quite alike with PZT, ensuring the growth of PZT thin film [13]. It has been reported that PZT(111) would be formed on Nb:STO(111) while it is PZT(001) for Nb:STO(100) because of a small mismatch unit cells [14-16]. Alternatively, sol-gel processing is well-suited for depositing high-quality PZT films with good chemical homogeneity, simple and short-time fabrication, easy to control, and less affected by other factors [17-20]. Thus, fabrication of PZT thin film on Nb:STO(111) substrate by using solution process and investigating on their characteristics are studied.

2. Experimental Procedures
The PZT thin films were fabricated on both Nb:STO(111) substrate and traditional Pt/TiO2/SiO2/Si substrate in order to make a comparison. First, PZT solution precursor was dropped uniformly on the surface of clean substrate. Second, the sample covered with the precursor was rotated with a buffer speed of 500 rpm for 10 seconds and a stable speed for 2000 rpm in 40 seconds to ensure the uniform film. Third, the sample was dried on a hot plate at 150oC for 1 minute and 250oC for 5 minutes to break steadily bonds and change the thin film from the solution state to the amorphous state. The spin-coating process was repeated 4 times to get the desired thickness of about 200 nm for PZT thin film. Finally, the sample was pre-annealed at 430oC for 15 minutes, and annealed at 600oC for 15 minutes (for samples deposited on Pt/TiO2/SiO2/Si substrate) and from 450 to 600oC for 15 minutes (for samples deposited on Nb:STO substrate) in atmospheric pressure by using a thermal annealing system (model GSL1600X). The surface morphology and the crystal structure of the fabricated PZT thin films were investigated by using scanning electron microscopy (SEM) (model NOVA NANOSEM 450) and X-ray diffraction system (XRD) (model D5005), respectively. To evaluate electrical properties, 200 nm-Pt-dot shape thin film with 100, 200, and 500 μm in diameter were sputtered on the ferroelectric PZT thin films by a DC sputtering system (model Jeol JFC-1200). The ferroelectric hysteresis loops (P-E) and the leakage current characteristic (I-t) were characterized by using radiant precision LC10 system.
3. Results and discussion

a. Pt/PZT/Pt/TiO2/SiO2/Si ferroelectric capacitor

According to a recent report [21], PZT(111) thin film showed the best crystallization at 600oC; hence, for a reference of polycrystalline PZT thin film, the sample was annealed around this optimum temperature. Figure 1(a) shows the X-ray diffraction pattern of PZT thin film deposited on Pt/TiO2/SiO2/Si substrate annealed at 600oC. It describes that many different PZT picks grew such as (100), (110), (111), (200), (210), (211), (022) at 2ϴ = 22, 31, 38, 51, 56, and 65o, respectively. However, [111]-oriented PZT, which improves the stability of PZT film, was a weak intensity. As a consequence, PZT deposited on Nb:STO(111) substrate promises to enhance the diffraction intensity of PZT(111), which will be discussed later. Figure 1(b) illustrates the surface morphology of PZT thin film via SEM image. It is obvious that PZT thin film was formed uniformly with sharp boundary, the biggest crystal size was about 200 nm while the smallest one was approximately 50 nm. Both of the results above imply the PZT thin film formed in a polycrystalline structure. 
After dot-shaped Pt bottom electrodes were formed, the ferroelectric property and the leakage current were studied as shown in Fig. 1(c) and (d), respectively. A wide range of electric field from 50 to 250 kV/cm was applied on ferroelectric capacitor, as a result, the spontaneous polarization (PS) was nearly 45 µC/cm2, the remanent polarization (PR) was approximately 35 µC/cm2, and the coercive field (EC) was about 50 kV/cm at the low voltage (from 1 to 3 V). In contrast, at high voltage as 4 V and 5 V, the P-E loop became more symmetric with the PR value reached nearly 40 µC/cm2 and the PS value raised to 60 µC/cm2. This result is totally available to apply for ferroelectric memory application. As for ferroelectric materials, the investigation on the leakage current characteristic when the voltage applied is essential to evaluate the insulating quality. In principle, the leakage current characteristic is divided into three regions, depending on the voltage amplitude. The first region depends on voltage by a linear relationship, and follows Ohm’s law. The second one is known as the contribution of discharge current, proposed by Pool – Frankel and Schottky. The third one relates to the insulator-breakdown effect or the Fowler – Nordheim tunneling effect. Importantly, the leakage current characteristics provide the energy consumption of the electronic device in stand-by status or not in use. Therefore, apart from the investigation on the P-E loops, the I-t of PZT thin film was measured for each polarization voltage, as shown in Fig. 1(d). At a low applied voltage of 1 V, the leakage current was approximately 10-6 A while it had a significant increased trend and reached to 5×10-5 A at 5 V. Therefore, it should be improved to reduce the energy consumption of devices. 
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Figure 1. PZT thin film deposited on Pt/TiO2/SiO2/Si substrate: (a) X-ray diffraction pattern, (b) surface morphology, (c) hysteresis loops, and (d) leakage current.
b. Pt/PZT/Nb:STO(111) ferroelectric capacitor

Single-crystal Nb:STO(111) substrates used exhibited the sheet resistance value nearly 10 mΩ/⎕. As the experiment process mentioned above, PZT thin films were annealed at 450, 500, 550, and 600oC and abbreviated as M450, M500, M550, and M600, respectively. Figure 2 describes the X-ray diffraction patterns of PZT thin films deposited on Nb:STO(111) substrates at various annealing temperatures. It is convinced that [111]-oriented PZT peak at 2ϴ = 38o was a single orientation, and the diffraction intensity changed quickly when rising the annealing temperature. For the M450, PZT(111) peak was moderate as a result of low annealing temperature. When PZT structure changed from amorphous state to crystal nearly 500oC, the pyrochlore phase usually accounted for the biggest share [10, 22-23]. Another reason might come from the PbO remnant on the precursor solution (PbO is a volatile solution; hence, the amount of PbO was used exceed of 10% to crystallize PZT thin film in perovskite structure), leading to form unknown peaks at 2ϴ = 33o and 36o. For the M500, although PZT(111) peak increased dramatically comparing to the M450, the unknown peak at 36o still existed. The temperature of 500oC would be not enough to change completely from pyrochlore phase to crystal or destroy this structure. Therefore, raising the annealing temperature could improve not only diffraction intensity of PZT(111) but also electric properties of thin films. For the M550 and M600, PZT(111) peak enhanced obviously, and the detector did not find any unknown peak. According to other works, this consequence resulted from the small mismatch between PZT and Nb:STO(111) substrate, for instance, Nashimoto and co-workers showed that this was 7.5 and 11.4 ppm/oC for PZT and Nb:STO, respectively [7]. Moreover, PZT and Nb:STO(111) crystals are perovskite structure, the lattice constant of PZT(001) was around 4.052 Å while that of STO(100) was approximately 3.905 Å; and the lattice constant of PZT(111) was nearly 5.717 Å while that of STO(111) was about 5.523 Å [14]. That is, Nb:STO(111) played a role in forming PZT(111) regardless the ratio Zr/Ti was changed from 40/60 to 60/40 [24]. 
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Figure 2. X-ray diffraction patterns of PZT thin films deposited on Nb:STO(111) 
substrates at various annealing temperatures.
The surface morphology of PZT thin films deposited on Nb:STO(111) was illustrated on Fig. 3. From SEM images, it is clear that the surface of thin films was smooth and there was no grain boundary, which was totally comfortable to X-ray diffraction pattern. It means that epitaxial-like PZT thin films were successfully deposited on Nb:STO(111) substrate. Fig. 4(a) describes the structure of Pt/PZT/Nb:STO(111) ferroelectric capacitor and Fig. 4(b) illustrates a top view of Pt electrode, which was quite resemble to mask size observed by optical microscopy. 
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Figure 3. SEM images of PZT thin films deposited on Nb:STO(111) substrates.
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Figure 4. (a) Structure of Pt/PZT/Nb:STO(111) ferroelectric capacitor, and (b) top view of Pt top electrode.

Figure 5 (a) and (b) shows the linear relationship, instead of typical hysteresis of ferroelectric materials, for example, the polarization was zero without electric field, it raised when rising electric field and returned zero when stopping electric field. However, the P-E loops of the M550 and the M600 appeared as shown in Fig. 5 (c) and (d). These results pointed out that the M500 still remained paraelectric phase, but the P-E loops of M550 and M600 improved clearly, for instance, PR of M550 was 4 µC/cm2 and that of M600 was 6 µC/cm2 at applied voltage of 5V. 

The P-E loops of M550 and M600 were unclosed because of the applied pulse voltage. If the applied voltage is continuous pulses, P-E loops would be close cycles. In this study, since it was only one pulse voltage, P-E loops would be open. Additionally, P-E loops were asymmetric because the Pt/PZT/Nb:STO(111) capacitor owns two different materials of electrodes, i.e., Pt for top electrode and Nb:STO for bottom electrode [25]. It is assumed as a result of electron traps in the interface when electric field was applied, contributing to the asymmetry on oxygen vacancy inside the interface [26-28]. To explain the poor ferroelectric properties of PZT films on Nb:STO compared to Pt/TiO2/SiO2/Si substrate, three models are considered. Firstly, Szafraniak and co-workers showed that some defects near the surface of PZT and Nb:STO as mismatch crystal structure would create some moments and change the polarization [9]. Otherwise, if the Sr2+, Ti4+, Nb3+ ions diffuse in PZT layer, it could form a new structure. According to Remiens, a slight doping in PZT about 2% could improve ferroelectric properties while heavy doping would fall down the PR and PS [29-31].  Secondly, a top-top measurement method might lead to the short circuit if PZT surface quality is poor. As a consequence, the applied voltage will also divided on the PZT surface that makes the P-E loops degraded. Thirdly, this poor ferroelectric property can be considered based on ferroelectric domain movements, which affect strongly to P-E loops [31-33]. 
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Figure 5. P-E loops of PZT thin films on Nb:STO(111) substrates with various annealing temperatures.

Apart from ferroelectric properties, the leakage current of PZT thin films on Nb:STO(111) was also investigated, and shown in Fig. 6. Compared to PZT on Pt/TiO2/SiO2/Si substrate, in this case, most of leakage currents were improved significantly. It was decreased to 2.5×10-8 A shown in Fig. 6(c) or 8×10-8 A shown in Fig. 6(d), at applied voltage of 5 V. From I-t characteristics, we point out that even at t = 0, the leakage current was large for each applied voltage, clearly for the cases of 4 and 5 V. This is because the equipment did not remove the remnant polarization of ferroelectric material before each measurement. The remnant polarization was like a minor power source which contributes the high leakage current at t = 0. Furthermore, in the case of 5 V shown in Fig. 6(a) and (b), the I-t shape was not smooth. The abnormal peak was contributed from the polarization current of ferroelectric material. Both the high leakage current phenomenon at t = 0 and the rugged shape of I-t characteristics were able to neglect when using a technique which decreases steadily the applied voltage to 0, like a sine pulse, in order to neutralize remnant polarization before measuring I-t at each applied voltage. Therefore, the PZT thin film annealed at 600oC has the best hysteresis loops but not enough great performance to compare with the PZT on Pt/TiO2/SiO2/Si traditional substrate. However, the leakage current reduced nearly three orders as compared between Fig. 1(d) and Fig. 6 (c) or (d). In other words, the quality of ferroelectric PZT thin films should be traded off between remnant polarization and leakage current in order to meet the requirement of ferroelectric memory or other electronic devices. 
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Figure 6.  I-t characteristics of PZT thin films on Nb:STO(111) substrates with various annealing temperatures.

4. Conclusion

200-nm-thick PZT ferroelectric thin films have been successfully deposited on Nb:STO(111) single-crystal substrate via solution process, like an epitaxial growth. X-ray diffraction results showed that only PZT(111) peak appeared when annealing at 450, 500, 550 and 600oC. SEM images described that whole PZT thin films fabricated had no grain boundary, which evidenced for growing epitaxially. One obtained that the PZT thin film annealed at 600oC exhibited the optimum quality with the remnant polarization of approximately 6 µC/cm2 and leakage current of 8×10-8 A at applied voltage of 5 V. A trade-off process between high remnant polarization and low leakage current should be further studied, but this achievement might bring promising potential for the selection of bottom substrate, aiming to reduce the poor fatigue of PZT thin films.
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