Pis’ma v ZhETF, vol. 90, iss. 1, pp. 35 { 38 cfl 2009 July 10

Polarization switching kinetics of ferroelectric nanostructures of vinylidene fluoride-trifluoroethylene copolymer

R. V. Gaynutdinov, O. A. Lysova, S. G. Yudin, A. L. Tolstikhina, A. L. Kholkin^+, V. M. Fridkin^{1)}

Institute of Crystallography RAS, 119333 Moscow, Russia

+Department of Ceramics, University of Aveiro, Aveiro, Portugal

Submitted 18 May 2009

The polarization switching kinetics of ferroelectric polymer Langmuir-Blodgett ˛lms and copolymer nanocrystals (nanomesas) was investigated using piezoresponse force microscopy. The nanocrystals were prepared by self-organization from Langmuir-Blodgett ˛lms of a 70% vinylidene ‚uoride and 30% tri‚uoroethylene copolymer. The polarization switching time exhibits an exponential dependence on reciprocal voltage and decreases with temperature being consistent with the nucleation switching dynamics.

PACS: 85.50.�n

The speed of polarization reversal, switching, is of critical importance for the performance of the ferroelectric memory technology. It is therefore essential to be able to understand and control switching dynamics in thin films and nanostructures as memories are pushed to ever higher densities. In bulk crystals larger than 50 microns, the switching time generally depends on the electric field [1], but not explicitly on crystal dimensions, and this is understood in terms of the nucleation and domain-growth models [2, 3]. In thinner crystals and films, however, switching becomes progressively slower for a given electric field [1, 4, 5], indicating a qualitative change in the nature of switching. Dimensional effects should be even more evident in isolated ferroelectric nanostructures, however, there have been relatively few studies of polarization hysteresis in ferroelectric nanostructures, such as nanowires [6, 7], nanotubes [8], and nanodots [9, 10].

The importance of nanoscale structure and morphology is underlined by qualitative changes in the behavior of switching in ferroelectric polymer thin films depending on both thickness and sample preparation conditions [4, 11 – 15]. Prior studies of ferroelectric polymer thin films have not been able to distinguish the effects of thickness and morphology because they were made on polycrystalline samples of essentially two types. Most studies have been performed on films made by solution spin coating, resulting in disordered granular films consisting of elongated nanocrystals approximately 200 nm long and 50 nm in diameter [16], where the polymer chains fold back and forth across the short dimensions [17]. On the other hand, samples made by Langmuir–

1)e-mail: fridkin@ns.crys.ras.ru

Blodgett (LB) deposition, on the other hand, consist of a polycrystalline mosaic where the polymer chains aligned parallel to the film plane [18, 19], arranged in crystals of irregular shape and typical size of 30 nm to 50 nm [20]. Studies of switching dynamics in the LB films have shown both nucleation-limited [21, 22] and nucleation-free (intrinsic) [23, 24] behavior. To better understand the effects of nanoscale morphology, we have studied switching dynamics at the nanoscale in polycrystalline films [25] and in well-defined nanostructures [26]. The purpose of the present paper is to investigate the kinetics of switching in individual ferroelectric polymer nanocrystals (nanomesas) using Piezoresponse Force Microscopy (PFM).

The nanocrystals were fabricated from a ferroelectric copolymer using Langmuir–Blodgett deposition, followed by the self-assembly by thermal treatment, from a copolymer consisting of 70% vinylidene fluoride and 30% trifluoroethylene (70:30 copolymer) [27]. Deposition was accomplished by dispersing a 1.3% wt. solution of the copolymer in dimethyl sulfoxide on the surface of ultrapure water at room temperature and compressed slowly to a pressure of 3 mN/m^2. One or two copolymer monolayers (ML) were transferred to a silicon substrate coated with a 50-nm thick aluminum film. To make the nanocrystals, the samples was then heated at 125^ffiC for 3h and cooled to room temperature at a rate of 1^ffiC per min. The LB deposition and nanocrystal formation methods were described in a more detail elsewhere [27, 28]. The ferroelectric copolymer nanocrystals belong to the monoclinic space group C^3_2 [29].

Measurements were carried out with a scanning probe microscope (model SOLVER P47, NT-MDT, Russia) operating in a contact mode for both topography

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009 35 3^�

Fig.1. Images of nanocrystal by (a) AFM topography; (b) PFM images of the nanocrystal at the initial phase image; (c) after applying a poling voltage of �10 V; (d) after applying a poling voltage of V = +10 V

(contact AFM) and piezoresponse imaging (PFM). Silicon cantilevers coated with Ti/Pt conductive coating (model CSC38 from MicroMash, Estonia) used had a lever force constant of ß 0.05 N/m, a resonant frequency of 21 kHz, and tip radius of ß 40 nm. Therefore resulting resolution is ¸ 60 nm. The polarization switching studies were made by applying an excitation voltage of amplitude 0,5 V and frequency 200 kHz to the tip and recording the resulting tip deflection signal from the position detector with a lock-in amplifier. The measurements were carried out in air in a class 100000 clean room maintained at temperature 26 � 0.05^ffiC and relative humidity 40 � 1%. The sample temperature was held at 27^ffiC for the majority of reported experiments. The temperature could be varied in the range 27–100^ffiC.

The self-assembly led to the creation of nanocrystals of ferroelectric copolymer of approximately 20–30 nm thick and 100–200 nm in diameter, with somewhat irregular shapes, as shown in Fig.1a. The PFM contrast of the same region (Fig.1b) demonstrates that the nanocrystals are polarized even before applying a switching voltage. For the switching studies, we chose nanocrystal indicated by the arrow 1 in Fig.1b. Figure 1b, c, d shows the PFM image of nanocrystal 1: (b) before switching; (c) after applying a poling voltage of

�10 V; (d) after applying a poling voltage of +10 V.

The field was applied to the tip continuously during scanning, i.e., to all pixels of the surface area shown in AFM images. The comparison of Figs.1c, d shows, that the negative tip voltage reversed (or switched) the direction of polarization as evinced by the piezocontrast reversal. These images indicate that the nanocrystals could be switched repeatedly between opposite polarization states. Fine structure of PFM contrast inside the nanocrystals may indicate the presence of multiple crystals, or multiple domains, or both.

The switching kinetics is studied by a series of nanocrystal switching measurements. In this method, the crystal was first poled by scanning the tip with a saturating bias of �10 V and imaged under zero bias.

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009

Polarization switching kinetics of ferroelectric nanostructures . . . 37

Then the crystal was switched via-applying a voltage pulse of specified amplitude and duration and the resulting piezoresponse was imaged after applying the pulse. To determine the switching time for each poling voltage, we recorded the piezoresponse after pulse application as a function of pulse duration for a given pulse height. The switching time t was defined as the time at which this plot crossed zero piezoelectric response [24, 25]. This procedure was repeated for a range of switching pulse amplitudes.

First, the switching kinetics was obtained for ferroelectric copolymer LB film, consisted of 30 monolayers with the thickness 48 nm (the thickness was determined by AFM). The dependence of switching time logarithm ln t on V_c/V (V_c ¸= 2.5 V is the coercive voltage, obtained from hysteresis loop measured in so-called pulse mode) is shown in the inset to Fig.2. Figure 2 presents

Fig.2. Temperature dependence of spontaneous polarization Ps = Ps(T ) for copolymer LB ˛lm (30 ML), obtained by Chinoweth method (solid curve) and by AFM in piezoelectric regime (square points). Inset shows voltage dependence of the switching time t (Vc { coercive ˛eld)

the temperature dependence of the spontaneous polarization P_s = P_s(t), obtained by pyroelectric Chynoweth method (solid curve) [28], in comparison with that obtained by PFM in piezoelectric regime (square points). In order to compare the results obtained by Chynoweth method and by PFM the value of PFM signal at room temperature was assumed to be 0.1 μC/cm^2 and recalculated for other temperatures. The temperature dependences of switching time t = t(T ) are shown in Fig.3. It is seen, that switching time decreases with temperature. It is well known that such dependence is characteristic of the nucleation-limited switching, which is a thermally

Fig.3. Graph of the temperature dependence of the switching time t = t(T ) for ferroelectric LB ˛lm (30 ML)

activated process and should following an exponential dependence in the form [1]

1/t =¸ exp (�a(V_c/V )), (1)

where V_c ¸= 2.5 V and a = 11.4. The constant a depends on the energy of nucleus W = W (P_s, T ) and decreases with temperature T .

In the same way the switching kinetics was measured for the copolymer nanocrystal 1. The data of Fig.4 also

Fig.4. Voltage dependence of the switching time t for the nanocrystal, indicated by the arrow 1 on Fig.1. Inset shows the hysteresis loop for the nanocrystals

follow an exponential dependence (1), where V_c ¸= 1.24 V is the coercive voltage observed from the hysteresis loop shown in the inset to Fig.4 and a ¸= 33 is a constant. A hysteresis loop was recorded by applying a sequence of

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009 voltage pulses, each followed by a measurement of the piezoresponse at zero bias [30].

In summary, the observed switching kinetics of the individual ferroelectric polymer nanocrystals is consistent with a nucleation-limited switching, as was previously found in arrays of similar nanocrystals [26] and in a 500-nm diameter spot of a continuous LB film. The behavior is commonly observed in ferroelectric polymer films made by solvent spinning [4, 11 – 15] and with LB films made under certain conditions [21, 22, 24]. This behavior is essentially different from the switching kinetics in large area continuous LB films, which typically exhibit intrinsic switching dynamics (i.e., not controlled by the domain nucleation) [23, 24]. Further study of local switching kinetics in thin films and nanostructures will be necessary to fully understand the dominant mechanism and to control it via different preparation routines.

The work in Moscow was supported by the European INTAS program, Grant # 1000008-8091, and by the Russian Foundation for Basic Research, Grant # 09- 02-00096 and Grant # 08-02-00600. The Aveiro group acknowledges above mentioned INTAS project and the FCT project PTDC/CTM/73030/2006.

1. W. J. Merz, J. Appl. Phys. 27, 938 (1956). 2. E. Fatuzzo, Phys. Rev. 127, 1999 (1962). 3. Y. Ishibashi, Jpn. J. Appl. Phys. 31, 2822 (1992). 4. K. Kimura and H. Ohigashi, Jpn. J. Appl. Phys. 25, 383 (1986).

5. L. M. Blinov, V. M. Fridkin, S. P. Palto et al., Thin Solid Films 284-85, 474 (1996).

6. W. S. Yun, J. J. Urban, Q. Gu, and H. Park, Nano Lett.

2, 447 (2002).

7. J. E. Spanier, A. M. Kolpak, J. J. Urban et al., Nano Letters 6, 735 (2006).

8. Y. Luo, I. Szafraniak, N. D. Zakharov et al., Appl. Phys.

Lett. 83, 440 (2003).

9. W. Ma, C. Harnagea, D. Hesse, and U. G-osele, Appl.

Phys. Lett. 83, 3770 (2003).

10. Z. Hu, M. Tian, B. Nysten, and A. M. Jonas, Nature Materials 8, (2009).

11. Y. Tajitsu, Jpn. J. Appl. Phys. Part 1 (Regular Papers

& Short Notes) 34, 5418 (1995).

12. A. Konno, K. Shiga, H. Suzuki et al., Jpn. J. Appl. Phys.

39, 5676 (2000).

13. F. Xia, H. Xu, F. Fang et al., Appl. Phys. Lett. 78, 1122 (2001).

14. T. Nakajima, R. Abe, Y. Takahashi, and T. Furukawa, Jpn. J. Appl. Phys., Part 1 44-45, L1385 (2005).

15. T. Furukawa, T. Nakajima, and Y. Takahashi, IEEE Transactions on Dielectrics and Electrical Insulation 13, 1120 (2006).

16. X. Q. Chen, H. Yamada, T. Horiuchi, and K. Matsushige, Jpn. J. Appl. Phys., Part 1 37, 3834 (1998).

17. T. Fukuma, K. Kobayashi, T. Horiuchi et al., Jpn. J.

Appl. Phys. 39, 3830 (2000).

18. A. V. Bune, V. M. Fridkin, S. Ducharme et al., Nature (London) 391, 874 (1998).

19. J. Choi, C. N. Borca, P. A. Dowben et al., Phys. Rev. B 61, 5760 (2000).

20. B. J. Rodriguez, S. Jesse, S. V. Kalinin et al., Appl.

Phys. Lett. 90, 122904 (2007).

21. R. Tadros-Morgane, T. Steinmetz, R. Florange, and H.

Kliem, Ferroelectrics 304, 17 (2004).

22. H. Kliem and R. Tadros-Morgane, J. Phys. D (Appl.

Phys.) 38, 1860 (2005).

23. S. Ducharme, V. M. Fridkin, A. V. Bune et al., Phys.

Rev. Lett. 84, 175 (2000).

24. G. Vizdrik, S. Ducharme, V. M. Fridkin, and S. G.

Yudin, Phys. Rev. B 68, 094113 (2003).

25. R. V. Gaynutdinov, O. A. Lysova, A. L. Tolstikhina et al., Appl. Phys. Lett. 92, 172901 (2008).

26. C. M. Othon, J. Kim, S. Ducharme, and V. M. Fridkin, J. Appl. Phys. 104, 054109 (2008).

27. M. Bai and S. Ducharme, Appl. Phys. Lett. 85, 3528 (2004).

28. S. Ducharme, S. P. Palto, and V. M. Fridkin, Ferroelectric and Dielectric Thin Films, Ed. H. S. Nalwa, Academic Press, San Diego, 2002, Vol. 3, pp. 545{591.

29. M. Bai, X. Li, and S. Ducharme, J. Phys.: Condens.

Matter 19, 196211 (2007).

30. A. L. Kholkin, S. V. Kalinin, A. Roelofs, and A. Gruverman, in Scanning Probe Microscopy: Electrical and Electromechanical Phenomena at the Nanoscale, Eds. S. Kalinin and A. Gruverman, Springer, 2006, V. 1, p. 173.

Ŕĺśĳňă ć ĘİŠŤ šőň 90 ćżŕ. 1 { 2 2009