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Real-time switching dynamics of ferroelectric tunnel junctions under single-shot voltage pulses
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The spontaneous polarization of ferroelectric materials can be reversed by the application of an electric field. As many potential applications of ferroelectrics are based on this property, 1,2 understanding the dynamics of polarization switching is of crucial interest and has thus been the subject of many investigations, both in experiments as in theory. [3][4][5][6] Piezoresponse force microscopy (PFM) imaging provides insights into static domain configurations [7][8][9] and electrical measurements of the transient of displacement currents during switching under voltages pulses can reveal their temporal evolution 1,10 . These methods have helped to understand the polarization reversal process in ferroelectric bulk materials and films with thicknesses down to about 100 nm.

Here, we focus on the switching dynamics in ultrathin ferroelectric films.

In ferroelectric tunnel junctions (FTJs) an ultrathin ferroelectric layer is sandwiched between two metallic electrodes. When a voltage is applied across this capacitor-like structure, electrons can tunnel across the ferroelectric barrier. 11 It has been shown that this tunnel current critically depends on the polarization orientation in the barrier, allowing for a resistive read-out of the ferroelectric polarization. [12][13][14] Depending on the domain configuration, the device state can be varied from a high-resistance OFF state to a low-resistance ON state. FTJs can therefore be used as classical binary memories. 15,16 Furthermore, mixed domain configurations lead to intermediate resistance states which opens the door to using FTJs as artificial synapses in neuromorphic hardware. 17 For both applications, the polarization reversal dynamics under voltage pulses is of crucial importance.

The FTJs studied in this work are based on films of BiFeO3 (BFO, thickness d = 4.6 nm) that are grown by pulsed laser deposition on YAlO3 substrates. 18,19 An intermediate Ca0.96Ce0.04MnO3 (CCMO) layer (20 nm) serves as bottom electrode and Pt/Co is used as top electrode. Structuring of the electrodes produces fully patterned cells 16 and allows for the application of short voltage pulses. The results shown here were obtained using circular top electrodes with diameters of 300 to 400 nm.

Electrical dc measurements are conducted using a Yokogawa GS610 voltage source in series with a Keithley 6487 picoammeter and an Agilent 81150A pulse generator is used to apply voltage pulses (Fig. 1c). A bias-tee (Mini-Circuits ZFBT-6GW+) combines the dc and rf signals. The top electrode of the FTJ is connected to its output with an rf tee connector placed in between. As the FTJ resistance is much higher than the impedance of the rf components (50 ), the FTJ side of the rf tee connector is effectively equivalent to an open circuit which leads to 50  impedance matching at the tee. In this way, reflections should be very limited and we can record the voltage pulse as it occurs directly at the FTJ using an oscilloscope with 50  impedance (Agilent DSO9254A). The ground is made through the oscilloscope. The signal transmitted to the FTJ bottom electrode is split (Mini-Circuits ZFRSC-42) so that one part of the current is directly recorded by the oscilloscope (Idir in Fig. 1c). The second splitter output is fed into a current amplifier (Femto HCA-400M-5K-C) and this amplified signal (Iamp in Fig. 1c) is recorded by the oscilloscope in parallel. There are two different measurement modes: during pulsed single-shot measurements, the oscilloscope input recording the voltage pulse is set to an impedance of 50 .

For dc resistance measurements, the coupling of this input is changed to a purely capacitive mode in order to prevent the current from taking this path which presents a significant lower parallel resistance than the FTJ.

The raw transient current signal displays strong peaks at the start and the end of the applied rectangular voltage pulses. These can be attributed to the charging of a capacitor (C), formed by the electrical contact lines, through the bottom electrode resistance Rs. As a result, the temporal resolution of our experiment is limited to RsC ≈ 3 ns which is in good quantitative agreement with the sample geometry and the material properties. In order to reveal the intrinsic ferroelectric switching from the current signal, we subtract the data of a non-switching reference from all the measurements shown here, following the scheme of the classical positive-up-negative-down (PUND) method for polarization loops 7,20 . However, in FTJs, the strong tunneling current masks the rather weak signal of the displacement charges 7,20 -that are strongly limited by the small size of capacitor -so that we cannot directly extract the reversed polarization.

Figure 1a shows a typical hysteresis of the dc resistance of these patterned FTJs measured at Vdc = -0.2 V after applying voltage pulses of 100 ns of varying amplitude. The OFF/ON ratio reaches values of 2,000. Figure 1b shows the voltage at the FTJ during a 1-microsecond-long square voltage pulse with an amplitude of Vp = -2.15 V. We notice a small amplitude decrease of about 0.1 V over the full pulse length which we attribute to the capacitance in the bias-tee. The discharging of this capacitance also accounts for the small voltage offset (0.1 V) at the end of the pulse. Before the pulse, the FTJ has been initialized to the OFF state with a dc resistance of Rbefore ≈ 10 8 Ω at Vdc = -0.2 V. The transmitted current (Fig. 1b) is very low at the beginning of the pulse (10 A, i.e. ≈ 210 5 Ω), indicating the non-linear variation of the current with voltage in the OFF state. After a delay time tdelay = 167 ns, its amplitude abruptly increases. Following this sharp step, the amplitude slowly decreases. We attribute this close-to-exponential decay to the capacitance of the external circuit as mentioned above.

The dc resistance measured after the application of the voltage pulse (Rafter ≈ 10 6 Ω) shows that it has led to a partial reversal of the polarization in the FTJ. The onset of this reversal can be assigned to the abrupt current increase during the pulse. Whereas the temporal resolution of the present setup does not allow us to resolve the inner details of this transition, we can extract the delay time tdelay between the start of the voltage pulse and the onset of the current increase. As a result of the parallel transport mechanism of domains with low and high resistance, the reversal of a tiny fraction of the ferroelectric barrier already leads to a large resistance drop when the initial FTJ resistance is high (close to the OFF state). 17,18 Thanks to this extreme sensitivity to the onset of the polarization reversal, we can identify the abrupt increase in current amplitude at tdelay as the very beginning of the reversal, i.e. the appearance of a first reversed nucleus. [START_REF] Tagantsev | Domains in Ferroic Crystals and Thin Films[END_REF] When increasing the amplitude Vp of the voltage pulse by less than a volt (Fig. 2a), the delay time decreases by two orders of magnitude. Besides, we observe that the current amplitude after the switching event is not linked to the final resistance state. It exhibits a linear dependence on the applied voltage (Fig. 2b), indicating that the current is not limited by the tunneling barrier, which most likely exhibits Fowler-Nordheim tunneling under these high negative electric fields [START_REF] Fowler | [END_REF][23] . This is in line with previous transport characterizations that indicated a trapezoidal shape of the tunnel barrier, high at the Co/BiFeO3 interface and low at the BiFeO3/CCMO interface 24 . Indeed, the series resistance of the patterned CCMO electrode (about 10 4 Ω) seems to prevail [25][26][27] and thus precludes any observation related to polarization changes in the barrier from the transient current signal.

Figure 2c shows the delay times for different voltage pulse amplitudes extracted from 20 repetitions each. Before each pulse, the dc resistance is initialized to Rbefore ≈ 10 8 Ω and the final resistances after the voltage pulses are around Rafter ≈ 10 5 to 10 6 Ω. As a general trend, the delay decreases as the amplitude increases and its distribution becomes narrower. In the inset of Fig. 2c, the delay times are plotted on a logarithmic scale against the inverse of the electric pulse field Ep, calculated as Ep = Vp/d. This representation shows that these two variables follow Merz's law 28 ( ∝ , which describes the switching time in ferroelectrics and can be related to nucleation processes 4,29 . A fit yields an activation field of Ea = (-1.80 ± 0.11) V/nm and a time constant of t0 = (1.1 ± 0.5) 10 -11 s. Although the activation field is considerably larger than typical values of thicker ferroelectrics, comparably high values have been obtained on other ultrathin films and related to their highly strained nature. 17, 29,30 We now focus on the other branch of the ferroelectric loop, i.e. the ON-to-OFF switching. When we initialize the FTJ to the ON state (Rbefore ≈ 10 5 Ω) and then apply rectangular voltage pulses of positive polarity (Fig. 3a), we cannot identify any delay time. The transmitted current is very low from the start of the pulse, indicating that the transition occurs at the very beginning (within the time resolution of 3 ns). This very fast, abrupt switching from the ON to the OFF state can be explained considering the role of the series resistance Rs of the CCMO bottom electrode. At the start of the pulse, the applied voltage mainly drops at the series resistance and the voltage across the junction rises only slowly. However, as soon as the polarization reversal starts, the junction resistance increases. This in return then leads to a higher voltage drop across the junction which speeds up the switching process. As a result of this self-accelerating process, the switching from the ON to the OFF state is very abrupt.

As an alternative, we therefore resorted to triangular pulse shapes with long rise times that are characterized by their respective sweep rate sp. Under these, the current initially increases with voltage but, after a delay time tdelay, eventually starts to decrease, indicating the onset of the switching to higher resistance (Fig. 3b-d), analogous to the transition from the OFF state (Fig. 1b).

When increasing the sweep rate from 11 to 32 V/μs (Fig. 3b to d), the delay decreases as expected intuitively. Under pulses with higher sweep rates, a second current increase occurs towards the middle of the pulse (Fig. 3c-d). This reflects the strongly non-linear increase of the current with voltage (> 2.5 V) in the tunneling regime and, consequently, does not indicate another switching event.

We conducted measurements of the delay times using sweep rates of up to 100 V/μs (Fig. 4a). In order to test if these results are also compatible with Merz's law 28 we use its equation in a Dirac distribution form and calculate its mean value ts using a time-dependent voltage Vp(t) = sp t: good agreement (black line in Fig. 4a) by fixing t0 to the value extracted from the OFF-to-ON switching (inset of Fig. 2c). Both the nucleation times obtained by rectangular pulses and the data using different sweep rates can be described by Merz's law. This yields an activation field of Ea = 1.83 ± 0.02 V/nm for the ON-to-OFF switching, very similar to the Ea = -1.80 ± 0.11 V/nm corresponding to the OFF-to-ON switching. However, the data can also be fitted with fixed t0 values ranging from 10 -15 to 10 -10 s which results in activation fields between 3.9 and 1.3 V/nm (yellow band in Fig. 4a). Due to this uncertainty, the quantitative agreement between the two reversal directions has to be considered with caution. We previously conducted stroboscopic PFM experiments and domain dynamics under cumulative pulses in similar FTJs which indicate a nucleation-limited switching behavior in which the nucleation times follow Merz's law. 32 Such domain dynamics under cumulative pulses show average activation fields of 2.4 ± 0.4 V/nm for the ON-to-OFF switching. Thus, real-time transmission experiments and pseudo-static dynamics under cumulative pulses yield activation fields of comparable amplitudes.

The use of pulses with long rise times further allows us to determine the critical voltage Vc at which the polarization reversal starts. Figure 4b shows this voltage as a function of the sweep rate. While the absolute variation of the critical voltage is rather low, it slightly increases with the sweep rate.

This trend matches the findings obtained by classical hysteresis measurements which show that the critical electrical field (here: critical voltage) increases as a function of the driving frequency (analogous to the sweep rate here). 33 The data furthermore agree with the critical-field dependency on the driving frequency calculated for a nucleation-limited process. 33,34 This supports the assumption that the delay time corresponds to a first nucleation event in the polarization reversal.

In summary, we here presented the first investigation of polarization reversal dynamics in ultrathin ferroelectric films by transient current measurements. Thanks to the tunnel electroresistance effect, we could directly relate the electrical signal to polarization changes. The single-shot measurements show extremely fast switching with speeds up to 3 ns that is only limited by the current device fabrication design. Furthermore, we could identify the nucleation of a first reversed domain as the limiting process in the reversal dynamics. 35,36 The nucleation time follows the classical Merz's law as a function of the applied pulse voltage. The observed differences concerning the reversal direction could be related to the built-in electric field 24,37 or the influence of the bottom-electrode resistance. 27 The approach reported here could be extended to other ferroelectric tunnel junctions and offers an insightful template to assess ultrafast switching dynamics in ferroelectrics. The black line is a fit according to Merz's law. Open symbols correspond to data that were excluded from the fitting process. 
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  employ the Lambert (W) function 31 to express the root of the Dirac function. Using equation (1), we can reproduce the experimental data as a function of the sweep rate sp with a very
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 1 Fig. 1. (a) Typical hysteresis of the dc resistance measured following 100-nanosecond voltage pulses of varying amplitude. (b) Evolution of the voltage (Vpulse) and the transmitted current (Itrans) signals during the application of a rectangular voltage pulse for the OFF-to-ON switching. The abrupt increase in current after a delay tdelay can be associated with the nucleation of a first reversed polarization domain. (c) Circuit scheme used for single-shot transmission measurements.
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 2 Fig. 2. OFF-to-ON switching. (a) Time evolution of the transmitted current signals under voltage pulses of different amplitudes. From each, a delay time can be extracted. (b) Dependence of the maximum transmitted current after switching on the amplitude of the pulse. The linear relationship suggests that the series resistance (RS) is dominating. (c) Dependence of the delay time on the voltage pulse amplitude. Open symbols show individual measurements and closed symbols indicate the mean value for each amplitude. Error bars correspond to the statistical standard deviation. In inset, mean delay times are shown as a function of the inverse applied electrical field.

Fig. 3 .Fig. 4 .

 34 Fig. 3. ON-to-OFF switching. (a) Evolution of the voltage and the transmitted current signals during the application of a rectangular voltage pulse. (b-d) Evolution of the voltage and the transmitted currents signals during the application of triangular voltage pulses with different sweep
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