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Abstract

Ferroelectric Tunnel Junctions (FTJs) are promising electron devices which can

be operated as memristors able to realize artificial synapses for neuromorphic

computing. In this work, after a thorough validation of the in–house–developed

experimental setup, novel methodologies are devised and employed to investigate

the large– and small–signal responses of FTJs, whose discrepancies have proven

difficult to interpret in previous literature. Our findings convey a significant

insight into the contribution of the irreversible polarization switching to the

bias–dependent differential capacitance of the ferroelectric–dielectric stack.
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1. Introduction

Memory elements based on ferroelectric HfO2 are of great interest as ar-

tificial synapses in hybrid memristive–CMOS circuits for spike–based neuro-

morphic computing [1–3]. In particular, Ferroelectric Tunnel Junctions (FTJs)

in a Metal–Ferroelectric–Dielectric–Metal (MFDM) structure (Fig. 1) may of-

fer high impedance and low switching energies to implement energy–efficient

synaptic devices with multi–level operation [4, 5].

Nevertheless, the optimization of FTJs and other promising ferroelectric–

based devices requires an in–depth analysis and experimental characterization,

because of the delicate interplay between the stored polarization stability, charge

trapping and the read current [6, 7]. Unfortunately, standard characterization

procedures may not be sufficient to grasp the complex operation of the FTJs in

its entirety. As an example, the small–signal analysis performed to evaluate the

FTJs differential capacitance has led to results that are often difficult to link to

the quasi–static behaviour of the ferroelectric device [8–10]. In particular, the

FTJs response to AC signals shows a largely reduced contribution of the ferro-

electric spontaneous polarization compared to the quasi–static characterization,

which also leads to difficulties in interpreting the experimental results [8–10].

In this respect, non–standard experimental strategies may help to better un-

derstand the FTJ operation under different conditions. Here, we propose a ver-

satile experimental setup able to characterize the FTJs both in the quasi–static

regime, namely large signals at low frequency, and in the small–signal analysis,

typically performed at medium/high frequency. By adjusting the parameters of

our experimental setup we can measure either the current versus voltage (I–V )

curves or directly the switching charge versus voltage (Q–V ) characteristics of

the FTJs under test. The setup has been validated both in the large–signal

(hereafter referred to as LS) and in the small–signal (AC) regimes by measuring

FTJs at different frequencies. Moreover, some original experimental procedures

are proposed to bridge the results of LS and AC analyses.
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Figure 1: Sketch of the experimental setup developed for the FTJ characterization. For a

given input frequency and depending on the R–C design, the virtual–grounded amplifier can

operate either as an I→V converter or as a Q→V integrator to probe the switching current

IF T J or charge QF T J , respectively. The input voltage (VIN ) is provided by an Arbitrary

Waveform Generator (AWG) and VOUT is monitored over time by an oscilloscope. The

transfer functions of the two configurations are sketched on the right–most side of the figure.

On the left, a second setup configuration is sketched, consisting of an LCR meter directly

connected to the FTJ, which we have used to compare the results of our in-house-developed

converters to standard small-signal measurements.

2. Measured FTJ samples

The FTJ devices measured in this work consist of MFDM stacks fabricated

by depositing 10 nm Hf0.5Zr0.5O2 (HZO) and 2 nm Al2O3 via atomic layer depo-

sition (ALD) on bottom W (30 nm)/TiN (10 nm) electrodes (see Fig. 1). To form

a top contact, reactive sputtering under ultra–high vacuum is used to deposit

10 nm TiN on top. In order to stabilize the ferroelectric phase, a crystallization

anneal was performed at 500 °C for 20 s. Finally, capacitors are defined by de-

positing Ti (10 nm) / Pt (25 nm) through a shadow mask, used as a hardmask

for SC–1 etching of the TiN layer.
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Table 1: Summary of the design parameters employed in this work for the I→V converter and

the Q→V integrator.

CIRCUIT R C RC POLE fRC CONDITION CONVERSION BEHAVIOR

I→V 1.5 kΩ 470 pF 226 kHz fIN ≪ fRC VOUT = −R × IF T J low–pass

Q→V 4.7 MΩ 3.9 nF 9 Hz fIN ≫ fRC VOUT = −QF T J/C high–pass

3. Design and operation of the experimental setup

As mentioned above, the investigation of the complex behaviour of the FTJs

may benefit from diversified characterisation procedures able to investigate the

device operation under different working conditions. For this reason, we devel-

oped the simple, low–cost and highly–versatile experimental setup sketched in

Fig. 1, whose design parameters are summarized in Table 1.

The operation principle of the proposed setup is not very different from

currently available commercial products [11], however, its novelty lies in the

possibility to apply custom, fully–arbitrary waveforms and in the straightfor-

ward reconfiguration of the setup specifications, thus enabling an easy design

of experiments intended to characterize the FTJs under test ranging from the

large–signal to the small–signal regimes.

In the setup of Fig. 1, an Arbitrary Waveform Generator (AWG, Agilent

33250A) issues the driving voltage VIN to the MF metal electrode of the FTJ (in

this case the bottom electrode), which in turn is connected to a virtual–grounded

inverting trans–impedance amplifier consisting of an OPAMP (TI TL082CP)

and a feedback R–C pair. The current IF T J originating from the applied voltage

flows through the amplifier feedback loop, resulting in an output voltage VOUT

that is finally monitored during time by an oscilloscope (Tektronix TDS520B).

Depending on the frequency fIN of the driving VIN signal and on the R–

C feedback pole fRC = (2πRC)−1, the amplifier behaves either as an I→V

current–to–voltage converter (for fIN ≪ fRC) to measure the FTJ switching

current IF T J , or as a Q→V charge–to–voltage (for fIN ≫ fRC) converter that

integrates IF T J , thus providing directly the switching charge QF T J , which is

linked to the switched polarization P of the ferroelectric layer of the FTJ..

4



The I→V and Q→V circuits share the same schematic. The reason is that

the former needs a capacitor to improve the noise margin and hence the circuit

stability [12], while the latter needs a resistor to provide a feedback path for

the bias current of the OPAMP, which would otherwise lead to the saturation

of the output node over time. Of course, the two circuits differ in the values

of the lumped elements. Indeed, the R–C pair of the two distinct circuits have

been chosen to allow measurements in the 102 – 105 Hz frequency range (see

Table 1). Since the I→V converter has a low–pass behaviour while the Q→V

integrator is a high–pass circuit, in order to measure both IF T J and QF T J at

a given frequency fIN of the input signal, the bandwidths of the two circuits

must overlap, as shown in the right-most sketch of Fig. 1.

4. Large–signal analysis: validation and results

The FTJ quasi–static operation is typically well described by the hysteretic

polarization versus voltage (P–V ) loop, which can be obtained also from the

switching current versus voltage (I–V ) curve. In this section, we made use of the

developed setup to extract the P–V characteristics of the fabricated FTJs and

investigated the dependability and the limitations of the proposed measuring

schemes under the quasi–static, large–signal regime.

4.1. Optimal measurement procedure assessment

In order to probe the ferroelectric polarization switching, the FTJ is typically

measured by applying triangular VIN pulses. Therefore, we programmed the

AWG to provide the waveform depicted in Fig. 2a: a rectangular preset pulse

drives the ferroelectric HZO layer into a known initial state; then a triangular

wave with a period T = fIN
−1 is used to measure directly IF T J or QF T J . As

can be seen in Fig. 2b, the constant slope of the triangular wave allows us to

visually distinguish the IF T J peaks stemming from the ferroelectric polarization

switching occurring when VIN crosses the FTJ coercive voltages (±Vc), from the

fairly constant current plateaus due to the linear response of the dielectric stack.
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Figure 2: (a) Input voltage VIN consisting of a rectangular preset pulse, followed by a tri-

angular waveform to monitor the FTJ switching characteristics. (b) IF T J measured by the

I→V converter as a function of time; the flat regions correspond to the FTJ linear dielectric

response, while the peaks originate from the ferroelectric switching. (c) Switching charge

QF T J as a function of time measured by the Q→V integrator.

Moreover, Fig. 2c demonstrates how the Q→V integrator allows one to directly

measure the switching charge QF T J versus time characteristic.

Now, the IF T J and QF T J versus time plots in Figs. 2b and 2c and the VIN

waveform in Fig. 2a can be combined to eliminate the time, thus obtaining the

Q–V and I–V curves shown in Fig. 3. The plots in Fig. 3 allow us to extract

relevant FTJ properties, such as spontaneous polarization and coercive voltages.

However, it is worth noting that, by applying a single triangular period

(or equivalently considering only the first period A of the triangular pulse in

Fig. 2a), the resulting I–V and Q–V characteristics may appear as the open

loops shown in Fig. 3a, thus hampering the correct extraction of the FTJ prop-

erties. We attribute this issue to the high depolarization field in the ferroelectric

layer which causes its partial back–switching during the delay between the pre-

set and triangular pulses [13, 14]. At the present time, this delay cannot be

properly controlled in our setup because it is due to the configuration time of

the instruments. The loops distortion can be avoided by applying two subse-

quent triangular periods and extracting the curves from the period indicated as

B in Fig. 2a, which results in the closed and un–distorted hysteretic loops shown

in Fig. 3b. In the following, all reported Q–V and I–V characteristics and re-
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(a) (b)

Figure 3: Q–V (blue) and I–V (red) characteristics measured by the two circuits. (a) Curves

obtained from measurements in the first [0; T ] period (A of Fig. 2a) are distorted possibly

due to the ferroelectric back–switching occurring during the delay between the preset and

measurement pulses. (b) Curves obtained from measurements in the [T/2; 3T/2] period (B

of Fig. 2a) exhibit closed hysteretic loops. The post–process integration of IF T J (magenta

squares) is in excellent agreement with the direct QF T J measurement of the Q→V integrator.

(a) (b)

Figure 4: Frequency limitations of the two circuits. (a) Q→V integrator: for slow signals,

the integration of the FTJ static leakage current tends to open the Q–V charge hysteresis

loop. (b) I→V converter: the measured IF T J is proportional to the input frequency, hence

at low fIN the VOUT becomes comparable to the OPAMP output offset, which results in a

spurious shift of the curve. A post–process correction is possible in this case, provided that

the OPAMP output offset is known with sufficiently high accuracy.
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lated properties are obtained from data measured in the time frame indicated

as period B in Fig. 2a.

4.2. Circuits equivalence and validation

The designed I→V converter and Q→V integrator directly probe IF T J and

QF T J , respectively. However, IF T J can also be converted into QF T J through

integration, while by differentiating QF T J it is possible to obtain IF T J . Indeed,

in Fig. 3b we numerically integrated the IF T J provided by the I→V converter

(magenta squares) and compared it to the QF T J measured by the Q→V in-

tegrator. The excellent agreement between the two curves demonstrates the

equivalence of the two measurement schemes when fIN is well inside the corre-

sponding bandwidths. Hence, the FTJ quasi–static operation can be effectively

characterized by both circuits.

However, it is worth mentioning that, depending on the specific measure-

ment conditions, one converter may be preferred over the other because of their

different frequency response (see Fig. 1). In particular, the Q→V integrator

has an inherent high–pass behaviour , which may be advantageous for high–

frequency characterizations. Still, possible static leakage currents through the

FTJ stack are also integrated by the circuit and, especially at low frequencies

when the integration time is longer, such spurious contribution can be significant

enough to distort the hysteresis loop, as shown in Fig. 4a for fIN = 100 Hz. In

this case, fIN is well inside the Q→V integrator bandwidth, but the tunnelling

current at large VIN values causes the opening of the Q–V loop [15, 16]. Indeed,

the leakage current of the device under test poses a further lower–limit to the

measurement frequency on top of the bandwidth of the circuits.

In this latter respect, the I→V converter is a low–pass circuit. However, it is

also not suited for measurement at very low–frequencies, because of the linear

proportionality between the switching current and fIN [4]. In fact, at very low

fIN , beside the increased importance of the leakage current discussed above, the

voltage VOUT = −R × IF T J may become comparable to the OPAMP output

offset, which can rigidly shift the measured I–V characteristic, as illustrated in
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(a) (b)

Figure 5: (a) Typical enlargement of the hysteresis loop induced by the ferroelectric wake–up,

which increases 2Pr from the pristine (orange) to the woken–up state (blue). (b) Evolution of

2Pr with cycling (1 cycle = 1 period) of devices undergoing different preset pulses before each

2Pr measurement. The cycling pattern is the following: cycling with 100 kHz, 5 V–amplitude

triangular pulses → rectangular preset pulse → 2Pr measurement (Fig. 2a). After the initial

wake–up, ferroelectric fatigue degrades the FTJ polarization. Preset pulses boost the 2Pr,

but long positive presets may lead to early breakdown.

Fig. 4b. Fortunately, in this latter case, the offset can be compensated for in

post–processing by disconnecting the FTJ and measuring the output node in

zero current condition.

4.3. Preset dependent ferroelectric performance and endurance

In this section, the validated experimental setup is employed to investigate

the effects of the ferroelectric wake–up and fatigue on the HZO performance.

These phenomena are inherent to the ferroelectric operation and are usually

attributed respectively to the redistribution and generation of defects (oxygen

vacancies) in the ferroelectric layer during bipolar cycling [17]. In this work,

one cycle consists of one 100 kHz triangular period with a 5 V peak amplitude.

Figure 5a demonstrates that a moderate electric field cycling favours the

ferroelectric wake–up and increases the measured spontaneous polarization. In

particular, the woken–up FTJ (blue, 400 cycles) exhibits a larger remnant po-

larization 2Pr and steeper switching branches compared to the not–yet–cycled

pristine sample (orange). Furthermore, the wake–up effect allows us to reach a

steady device operation state where the material properties can be reasonably

extracted.
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However, a substantially larger cycling (compared to Fig. 5a) has a detri-

mental effect due to ferroelectric fatigue. In this respect, Fig. 5b reports the

endurance test of FTJs undergoing different rectangular preset pulses applied

after each cycling sequence (consisting in n triangular pulses at 100 kHz), and

before each 2Pr measurement (performed using the double triangular pulse il-

lustrated in Fig. 2a). For a number of cycles larger than 103, all the curves show

a 2Pr reduction.

In addition to the fatigue effect, also the preset pulse appears to affect the

ferroelectric reliability. Hence, while on the one hand the preset pulses help

reach higher measured 2Pr with respect to the no–preset case (squares), on the

other hand a strong preset tends to rapidly degrade the device. Indeed, long

presets with positive polarity seem to lead to an early irreversible breakdown of

the devices. We attribute this phenomenon to the static leakage current through

the FTJ stack, which is observed to arise asymmetrically only at large positive

voltages [15, 16, 18]. For these reasons, in this work, negative and long presets

have been used, in order to boost the measured polarization and at the same

time preserve the FTJ integrity.

5. Small–signal analysis: validation and results

The proposed experimental setup can also be exploited to investigate the dy-

namic small–signal response of the FTJs, which is instead routinely investigated

through LCR meters [9, 10, 19].

5.1. Conventional analysis in the AC regime

In order to test and validate the setup also for small–signal analyses, we ex-

ploited the versatility offered by the AWG to emulate the measurement sequence

typically used by LCR meters for small–signal capacitance measurements.

Figure 6a sketches the issued input waveform, which consists of a −5 V/1 ms

negative preset pulse followed by a single period of a large–signal (LS) triangular

pulse with a frequency fLS , which gets interrupted by a sinusoidal (or triangular,
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Figure 6: (a) Sketch of the waveform issued by our setup in order to mimic a small–signal

measurement with an LCR meter. The quasi–static, large signal (LS) voltage is swept ac-

cording to the portrayed triangular pulse. A sinusoidal (or triangular, not shown) AC signal

is issued at a given V0 bias. (b) Sketch of the minor loops followed by the FTJ under an AC

stimulus when V0 is in the linear (blue) or switching branch (orange) of the P –V curve. The

complete hysteresis loop (black line) is just a guide for the eye.

not shown) AC voltage signal with a frequency fAC when it reaches the desired

bias V0.

This driving signal should result in quite different IF T J depending on the V0

value, as explained in Fig. 6b. In fact, when V0 is far from the coercive voltage Vc

(Fig. 6b, blue symbols) the IF T J response to the AC voltage signal is expected

to simply reflect the linear dielectric response of the FTJ stack. Instead, for V0

close to Vc (Fig. 6b, orange symbols), the first AC semi–period (that has the

same direction of the LS variation, Fig. 6b, star symbol) is expected to induce

an irreversible polarization switching (grey cloud), resulting in a non–linear

component of the IF T J response to the AC voltage signal [8].

The described waveform has been applied to FTJs by using both sinusoidal

(typically used in LCR meter measurements) or triangular AC signals (more

suited to highlight the linear or non–linear response of the IF T J). The results

are summarized in Fig. 7. For both the sinusoidal (Fig. 7a - e) and triangular

(Fig. 7f - j) waveforms the IF T J response is qualitatively consistent with the

behavior sketched in Fig. 6b. In fact, far from the switching edges of the P–

V curve, the IF T J is a constant–amplitude sine for a sinusoidal AC stimulus

(Fig. 7c), while it is a square wave for an AC triangular input (Fig. 7h). These
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(d)
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(f)
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(i)

(j)

Figure 7: AC analysis with sinusoidal (a - e, fAC = 40 kHz) and triangular (f - j, fAC =

17 kHz) pulses. (a, f) 300 mV–amplitude AC signals are superimposed to the DC bias V0.

Reported IF T J correspond to DC biases in the switching (b, g) and linear (c, h) regions of

the P –V curve (see Fig. 6b). Irreversible switching (grey triangles) is evident only in the very

first issued periods and when V0 is close to the FTJ coercive voltages (±Vc). When V0 is far

from ±Vc, the IF T J amplitude is constant for all the pulses. (d, e, i, j) Probability Density

Functions of IF T J , from which the IF T J amplitude can be extracted.

IF T J reveal a purely dielectric behaviour of the stack.

Instead, when V0 is close to Vc, a non–linear behaviour of the IF T J is ob-

served during the very first periods of the AC stimulus. For the sinusoidal

AC waveform, this can be recognized in the larger positive semi–period of the

IF T J response (Fig. 7b), whereas for the triangular AC it can be observed

in the current peaks superimposed to the squared IF T J waveform (Fig. 7g).

These additional peaks can be interpreted as a conductive component due to

the charge–trapping assisting the polarization reversal [19–21].

Nevertheless, also for V0 ≈ ±Vc, the quite linear response of the FTJ after

the very first AC cycles seems to justify the use of the small–signal analysis

(e.g. LCR meter measurements) to characterize the ferroelectric–based devices.

However, the response measured by an LCR meter can hardly convey any in-

formation about the irreversible polarization switching [22].

In this respect, it is worth noting that the IF T J waveforms in Figs. 7b and 7g

have larger amplitudes than the counterparts in Figs. 7c and 7h, even for the
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Figure 8: Comparison between the small–signal capacitance calculated from the amplitude of

the IF T J originating from a 60 kHz triangular stimulus (red triangles), and those measured

through an LCR meter issuing 60 kHz sinusoidal waves with 50 mV RMS value (blue), same

RMS (orange) and same peak amplitude (green) as the 300 mV triangular pulses.

periods where the non-linear response has disappeared. In other words, even

the linear, small–signal response is found to depend on the V0 value.

The amplitude of the recorded waveforms has been extracted from the cur-

rents at which the maxima of the Probability Density Functions (PDF) occur.

The PDFs shown in Figs. 7d, 7e, 7i and 7j have been assembled by normalizing

the occurrences histogram on the bin width and the total number of measured

values. Of course, this amplitude extraction method is reliable as long as the

number of pulses showing switching peaks (grey–shaded areas) is small w.r.t the

total number of AC pulses. However, this is not an issue for these measurements

as they are meant to emulate an LCR–meter–like characterization, for which a

large number of AC periods is beneficial to reduce the impact of both thermal

noise and period–to–period variability.

5.2. Comparison between the developed setup and LCR meter results

In order to validate the proposed setup also in the AC regime, we compared

the differential capacitance extracted from the measurements of Fig. 7 with

those obtained with a conventional LCR meter (HP 4284A).

To this purpose, the triangular AC signal appears to be better suited to

highlight a possible non–linear response of the FTJ. Furthermore, the PDFs

13



in Figs. 7i and 7j are well concentrated around their peak. Hence, at each V0

bias, the FTJ small–signal capacitance is obtained from the results of Fig. 7 by

simply dividing the amplitude of the squared IF T J (see Figs. 7g and 7h) by the

slope of the triangular VIN waveform. The obtained capacitance–voltage (C–V )

characteristic (Fig. 8, triangles) is compared to those measured by means of the

LCR meter (lines). All measurements have been performed at the same fAC =

60 kHz; however, to verify that the results are not dependent on the issued

VIN waveforms, the LCR capacitance has been measured for three different AC

amplitudes: 50 mV RMS, same RMS value, and finally for the same amplitude

as the 300 mV peak triangular AC waveform used in our dedicated setup.

The good agreement between all the measurement variants proves the valid-

ity of the proposed experimental setup also in the small–signal regime. Here, it

is worth mentioning that, despite the simpler use of the LCR meter to extract

the FTJ differential capacitance, the versatility of the setup proposed in this

work enables non–standard, small–signal characterization analyses, as will be

discussed in Section 6.

In order to further test the dependability of this procedure to measure the

small–signal capacitance, a repeatability analysis has been performed and the

results are shown in Fig. 9. In an attempt to challenge our setup and measure-

ment procedure, we employed a 40 kHz triangular AC signal with 150 mV peak

amplitude. Both the frequency and the VIN peak are lower than the measure-

ments in Fig. 8, thus resulting in smaller currents and a worse signal–to–noise

ratio. Figure 9a summarizes the results of nine subsequent measurements on the

same device, while Fig. 9b reports the measurement standard deviations nor-

malized to the corresponding mean capacitance at each bias point. The low and

uniform deviation values prove the good repeatability of these measurements.

6. Bridging AC analysis and LS regime

It is worth noting that the C–V curves measured with both setups (Fig. 8)

show peaks corresponding to the coercive voltages, even if the contribution of
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(a)

(b)

Figure 9: Repeatability analysis of the small–signal capacitance measurement employing a

40 kHz AC triangular waveform with a 150 mV peak amplitude. (a) Box–plot summarizing

the results of nine subsequent measurements on the same FTJ. Markers represent the median,

boxes the 25–75 percentiles and whiskers the 5–95 percentiles. (b) The standard deviation

normalized to the corresponding mean capacitance value confirms good measurement repeata-

bility.

15



(a)

(b)

Figure 10: (a) Input signal (blue) for the fast small–signal analysis obtained as the superim-

position of a slow triangular pulse (dashed orange, 1 kHz) and a 100 kHz sinusoidal waveform

with a 50 mV peak amplitude. (b) The resulting IF T J (blue) shows 100 kHz sinusoidal fluc-

tuations superimposed to the component due to the slowly varying triangular pulse (dashed

orange).

irreversible switching to the PDFs in Figs. 7i and 7j is very limited. This be-

haviour is well known in the literature [8–10, 19, 22, 23], although a clear and

convincing explanation of the magnitude of such peaks has not been provided

yet. Indeed, even if the capacitance peak is commonly ascribed to the contribu-

tion of ferroelectric switching because they occur at V0 ≈ ±Vc, the capacitance

enhancement with respect to the minimum measured capacitance (hereafter in-

dicated with CLIN ) is much smaller with respect to the peak–to–baseline ratio

in the switching current measured during LS measurements (see Fig. 3). Such

a quantitative difference between the results of LS analysis and C–V character-

ization has been proved to be difficult to interpret also in the literature, leading

also to somewhat different conclusions [8–10, 19, 22–24]. In this section, we try

to shed light on this disagreement by exploiting our versatile experimental setup

to search for a link between the LS and AC response of FTJs.

In this respect, to simultaneously probe both AC– and LS–induced currents,

the waveform sketched in Fig. 10a is issued to the FTJs. The overall wave-

form consists of a 100 kHz sinusoidal AC signal having a 50 mV peak amplitude

superimposed to a large–signal triangular sweep whose frequency is 1 kHz and

amplitude 5 V peak. The aim is to measure, at the same time, the IF T J com-
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Large‑signal
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(c)

(b)(a)

(d)

Small-signal

AC analysis

Figure 11: The components of IF T J from Fig. 10b can be separated by filtering: (a) the LS

current, extracted by numerically low–pass filtering IF T J , is consistent with the measurement

in Fig. 3. (b) AC current obtained by numerically high–pass filtering IF T J . (c, d) The

corresponding capacitances are calculated from the LS and AC filtered current as Cx = Ix ×

(dV/dt)−1 with x = LS/AC. The linear capacitance CLIN , the capacitance at the switching

peak CSW and their difference ∆C are indicated.

ponent due to the LS sweep and the one due to the AC signal. More precisely,

we expect that the overall IF T J presents components at different frequencies

reflecting both the 100 kHz sinusoidal fluctuations and the slower large–signal

sweep. Indeed, the measured IF T J in Fig. 10b shows sinusoidal fluctuations

superimposed to a mean value (dashed orange line) which is totally consistent

with the IF T J measured with LS triangular pulses (see Fig. 3b).

We then separated the two components by numerically filtering the measured

IF T J : LS and AC responses are extracted by using respectively a low–pass and

a high–pass filter, with both having a cut–off frequency equal to 30 kHz. The

obtained currents (Ix where x = LS/AC) are reported in Figs. 11a and 11b : the
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magnitude of both ILS and IAC exhibit peaks for V0 close to ±Vc. We reiterate

that ILS in Fig. 11a is consistent with the results in Fig. 3b, thus verifying the

filtering procedure.

Now, a corresponding capacitance can be calculated from these filtered IF T J

components as Cx = Ix × (dVx/dt)−1 with x = LS/AC, namely by dividing ILS

and IAC by the derivative of the triangular sweep and of the sinusoidal waveform,

respectively. Figures 11c and 11d show the obtained capacitance curves. The

minimum CLIN value, which is typically ascribed to the dielectric response of the

stack, is quite similar in the two curves, thus indicating that, as expected, this

property does not depend on the measurement regime. Instead, the capacitances

CSW calculated for the LS and AC regimes are different by a factor of about 7

at the CSW peak. So, the difference between the capacitance peak due to the

ferroelectric switching and the baseline, defined as ∆C = CSW − CLIN , is very

different between the LS and AC response of the FTJ and is consistent with the

results reported in the literature [8–10, 19, 22].

After validating the dependability of our experimental procedure, in order

to gain insight into this difference in the ferroelectric switching contribution

to the calculated capacitance values, we varied the frequency of the LS sweep

while keeping fAC = 100 kHz. In particular, we issued signals composed of LS

triangular pulses with a frequency ranging from 100 Hz to 3 kHz and monitored

the relative amplitude of the CAC and CLS peaks, which are summarized in

Fig. 12. While the CLS peak is independent of the LS frequency (orange cir-

cles), the CAC peak (blue squares) gradually grows with the LS frequency, lying

between the LCR measurement (yellow dot–dashed line) and the LS value.

This increase of the CAC peak for increasing LS frequencies reveals the im-

portance of the speed of the LS bias. If the LS frequency is small, the FTJ

undergoes a very slow VIN drift, making this measurement similar to the one

typically performed by the LCR meter, namely at a constant V0 bias with an

AC signal superimposed (see Fig. 7a). So, the CAC peak approaches the LCR

meter measurement (Fig. 12, yellow dot–dashed line) at low LS frequency.

Instead, when the LS frequency is larger, apparently the ferroelectric switch-

18



102 103 104

LS frequency [Hz]

0.1

1

10

C 
/ C

LI
N 

[-]

Large Signal (LS, Fig.3b)
Large Signal (LS, Fig.11b)
Small Signal (AC, Fig.11d)
LCR - CLIN := C @ V0 =  4V

Figure 12: Relative difference between CSW and CLIN obtained from the analysis as in

Fig. 11. Orange circles: the switching capacitance peak induced by the slow LS sweep (see

Fig. 11b) is independent of the triangular pulse frequency. Blue squares: the AC capacitance,

obtained as in Fig. 11d, exhibits a peak that decreases at smaller LS frequencies, converging

towards the result obtained with the LCR meter (yellow dot–dashed line) due to the smaller

contribution of the irreversible switching to the extracted capacitance.

ing contributes much more to CAC , leading to higher peaks similar to those

measured during the LS characterization. This can be due to the fact that fer-

roelectric switching does not have enough time to be completed during the VIN

drift imposed by the LS sweep, so it largely contributes also to the AC response,

leading to higher peaks in the calculated CAC that approach those observed in

the analysis of the LS response.

It is evident that the measurements in Fig. 12 represent an experimental

procedure that closes the gap between the LS characterization and the AC

analysis of the FTJs.

7. Conclusions

We here described a dedicated experimental setup and new measurement

procedures that go beyond the conventional FTJ characterizations. Such char-

acterization techniques have been first validated both in the large–signal (LS)

and small–signal (AC) regimes and then applied to fabricated FTJ devices,

aiming to highlight characteristic features of the given dielectric stack.
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First, our versatile setup is able to operate either as an I→V converter or

as a Q→V integrator, to respectively measure the FTJ switching current or

directly the switching charge. The different bandwidths of the two circuits offer

distinct advantages based on the explored frequency range. In particular, at high

frequencies, the proposed Q→V integrator (high–pass response) can outperform

the more conventional I→V converter (low–pass behavior).

The measurement of the P–V characteristics showed the impact of cycling,

which first enhances the ferroelectric performance thanks to the wake–up of the

devices, and then eventually degrades the FTJ reliability due to the ferroelectric

fatigue. In both cases, the proper selection of the preset pulse before the 2Pr

measurements may improve the FTJ characteristics and preserve the devices

from an early breakdown.

We also investigated the FTJs in the small–signal regime, demonstrating

that the use of standard LCR meters is justified to probe the differential ca-

pacitance, since our measurements evidenced contributions from the irreversible

polarization switching only in the very first periods of the AC signal, and then

showed decent linearity in response to the following AC cycles.

Finally, we proposed a novel characterization method that allowed us to

measure both the large– and small–signal responses of FTJs within a single

measurement. This new technique goes beyond the conventional LS and AC

characterization methods, in that the electrical stimulus can trigger the polar-

ization switching and, at the same time, the response to an AC signal, which in

this case displays a clear contribution from the irreversible switching. In partic-

ular, we have shown that the speed of the background bias plays a crucial role

in the measured values of the AC capacitance. In fact, the faster the bias is,

the closer the measured AC capacitance is to the corresponding LS capacitance.

In this respect, we here reported, for the first time to our knowledge, results

that create a bridge between small-signal and large–signal experiments on FTJs.

Therefore, we consider this technique a new and very valuable tool to gain a bet-

ter insight into the ferroelectric polarization switching and the charge–trapping

behaviour.
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