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Abstract

Ferroelectric Tunnel Junctions (FTJs) operating as memristors are promising electron devices to realize
artificial synapses for neuromorphic computing. But the understanding of their operation requires an in-
depth electrical characterization. In this work, an in-house experimental setup is employed along with novel
experimental methodologies to investigate the large-signal (LS) and small-signal (AC) responses of FTJs.
For the first time, our experiments and physics-based simulations help to explain the discrepancies between

LS and AC experiments reported in previous literature.
Index Terms
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I. INTRODUCTION

In recent years, HfO5-based Ferroelectric Tunnel Junctions (FTJs) with a Metal-Ferroelectric-Dielectric-
Metal (MFDM) structure have been proposed and investigated as energy-efficient synapses for neuromorphic
computing [1], [2]. Nevertheless, the optimization of ferroelectric (FE) devices, such as the FTJs, requires
a comprehensive understanding of their operation, particularly to evaluate the complex trade-offs involving
stored polarization, trapped charge in the dielectric stack and read current [3]. Unfortunately, standard

measurement techniques appear to fail to completely uncover the physical mechanisms behind the FTJs
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itrary Waveform Generator
Agilent 33250A

Figure 1: Photograph of our experimental setup dedicated to the characterization of FTJs. The circular FTJs under test (central
inset) have a diameter ranging from 110 pm to 450 pm and are measured directly on Si wafers through the Cascade Microtech

probe station.

electrical operation; for instance, the measured small-signal (AC) capacitance cannot be easily correlated to
the quasi-static characteristics of the FTJs [4]. In fact, the FE spontaneous polarization plays a significant
role in the FTJs quasi-static response, while it is much less prominent in AC measurements, puzzling the
interpretation of the experimental results [5]-[7].

In this respect, we developed a versatile experimental setup (see Figs. 1 and 2) able to perform both
quasi-static characterizations (large signals, LS, at low frequencies) [8], and conventional AC analyses (at
medium-high frequencies) [9] of FTJs. Our versatile setup confirmed the quantitative disagreement between
the LS and AC responses of the FTJs and, for this reason, in this work we have made extensive use of
the new electrical characterization procedure first presented in [9], providing a bridge between the LS and
AC experiments. Furthermore, the interpretation of such novel results is also supported by physics-based

modeling [3].

II. DEVICE FABRICATION

We fabricated the MFDM FTJs (see Fig. 2) by depositing 10 nm Hfy 5Zrg 502 (HZO) and 2nm Al,O3 on
top of W (30nm)/TiN (10nm) bottom electrodes via Atomic Layer Deposition (ALD). The top contacts
(MD) consist of a 10nm TiN layer deposited by reactive sputtering under ultra-high vacuum. In order to
stabilize the ferroelectric phase, a crystallization anneal was performed at 500 °C for 20s. Finally, capacitors
are defined by depositing Ti (10nm)/Pt (25 nm) through a shadow mask, used for SC-1 etching of the TiN

layer.

III. DEVELOPED EXPERIMENTAL SETUP

Our versatile, in-house-developed experimental setup for the characterization of FTJs is portrayed and
sketched in Figs. 1 and 2, respectively. In particular, an Agilent 33250A Arbitrary Waveform Generator
issues the input voltage Vin which drives the FTJ under test.

The switched polarization is a crucial parameter in FTJs, as it modifies the band bending and thereby

determines the FTJ read current [3]. In order to inspect the polarization of the HZO layer, the switching
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Figure 2: Sketch of the experimental setup and of the MFDM FTJs characterized in this work. (a) The Arbitrary Waveform
Generator (AWG) drives the FTJ by applying V7, inducing a displacement current (Ip7 ) which is converted into an output
voltage (Vour) thanks to the I—-V converter. The switching charge Qg is obtained by numerical integration of the Irr s

recorded by the oscilloscope. (b) The LCR meter, instead, allows for standard AC characterizations.
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Figure 3: (a) Comparison between measured (symbols) and simulated (line) Qpry vs. Vin curves. Experimental Qpry is
typically interpreted as the total polarization of the FTJ, and here it has been obtained by integrating the Ipp s measured with
10kHz triangular pulses. (b) Simulated (line) and experimental (symbols) effective LS capacitance (Cry = 0Qr1s/0ViN). The

linear capacitance (Crrn), the peak capacitance (Cgy ) and the difference AC = Cgy — Cprn are also defined.

current Irpp; induced by a triangular Viy pulse is converted by a virtual-grounded I—V converter into an
output voltage Voyr, which is recorded over time by a Tektronix TDS520B oscilloscope. The triangular
Vin pulses allow us to distinguish the Ipp; peaks caused by the polarization switching from the fairly
voltage-independent plateaus due to the dielectric response of the stack [9].

The measured current waveform is then numerically integrated to compute the switching charge Qpr 7,
thus obtaining the hysteretic @ prj—Vin characteristic of Fig. 3a. Qg is typically interpreted as the FTJ
total polarization P, even if this is an underestimation due to the complex fields in the stack [10]. Further-
more, by differentiating the polarization w.r.t. the input voltage, an effective LS capacitance (Cry) can be
defined, as reported in Fig. 3b. The reliability of our setup in measuring these quasi-static characteristics
has been thoroughly assessed in [8], [9].

Thanks to its versatility, our setup can also perform dedicated AC analyses. In fact, we investigated the

AC response of the FTJ stack under the same experimental conditions as those used for the Qpr;—Vin
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Figure 4: (a) Sketch of the AC measurement performed to mimic the LCR meter measurement. The LS triangular pulse drives
the FTJ up to a given bias Vp, where the AC response is monitored by issuing a sinusoidal (or triangular, not shown) AC signal.
(b) Sketch of the minor loops followed by an FTJ undergoing the AC signal when Vj is in the linear (blue) or switching branch
(orange) of the P-Vyn hysteresis. Vi is the positive coercive voltage of the FTJ.
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Figure 5: Experimental response of an FTJ undergoing a triangular AC excitation with f4c = 17kHz. The time evolution of
the applied Vi (a) and of the Ipp s values measured at two Vp biases, respectively close (b) and far (d) from the coercive
voltages, are shown. When Vj is close to the coercive voltages, the measurements show traces of an irreversible polarization
switching (grey area) that vanish for subsequent periods of the AC signal. (c, e) Probability histograms of Ipp; used to extract

the amplitude of the AC response.

curves. To do so, we employed the Vi signal sketched in Fig. 4a. Here, a triangular LS pulse, akin to those
used to extract the curves of Fig. 3a, drives the FTJ up to a given bias Vp, then an AC signal (sinusoidal or
triangular [9]) is superimposed and the induced Ipr; is measured. Figure 4b sketches the expected different
behaviors of the FTJs when the bias Vj is close or far from the stack coercive voltages +V..

The experimental results shown in Fig. 5 confirm that a triangular AC waveform (Fig. 5a) produces a
square-wave current (Fig. 5d) when Vj is far from £V, thus reflecting a purely dielectric response of the
stack. On the other hand, when Vj lies close to £V, Ipp; exhibits also large peaks during the very first
pulses (Fig. 5b). Such peaks tend to vanish in the subsequent periods, suggesting an irreversible switching

of the polarization induced by the AC signal.
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Figure 6: Comparison between the AC capacitance either extracted with our setup (red triangles) by issuing a 60 kHz/300 mV-
peak AC triangular wave (same as in Fig. 5), or measured with the LCR meter by using 60 kHz sinusoidal waves. The curves

measured by the LCR meter are fairly insensitive to the amplitude of the sinusoidal signal.
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Figure 7: AC capacitance measured by the LCR meter in the 100 Hz—1 MHz range. The linear capacitance C 1y, the peak

capacitance Csyy and their difference AC are defined in the figure.

The AC response amplitude in Fig. 5 is then extracted from the peak positions in the Ipr; probability
histograms of Figs. 5c and 5e. At each Vj bias, this value is then divided by the Vjy slew rate, thus obtaining
the capacitance curve of Fig. 6 (symbols). This latter has been compared to standard AC measurements
(CrLcr, Fig. 7) performed by an HP4284A LCR meter (see Fig. 2b), and their good agreement testifies to
the suitability of our setup based on the arbitrary waveform generator also for AC analyses.

It is worth pointing out that the capacitance curves measured with both our ad-hoc procedure in Fig. 5
and the LCR meter exhibit a hysteretic "butterfly" shape with evident capacitance peaks (Csw, Fig. 7)
at £V, rising above the baseline (Cp;n) due to the pure dielectric response of the stack. This behavior
is similar to that shown by the effective capacitance Cpy obtained from the LS experiments and reported
in Fig. 3b. This testifies that the FE polarization not only contributes to the LS response of the FTJ but
also to the measured AC capacitance. However, while in both the LS and AC regimes C;y remains almost
identical, it is evident that the Csy peaks in the C'cg of Fig. 7 are much lower than those of Cry in Fig. 3b.
This has been routinely observed also in the literature [4]-[6] and it is presumably due to the fact that the
irreversible polarization switching contributes to Cyy, while it tends to vanish during the AC pulsing, as

clearly shown by Fig. 5b.
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Figure 8: Sketch of the simulated MFDM stack. (a) 3D view of simulated structure, showing the HZO layer thickness tp, the
dielectric (DE) layer thickness ¢tp, and the partition of HZO in np domains. The HZO capacitance is Cp = €pep/tr and the
DE capacitance is Cp = epep/tp. Co is the sum of Cr and Cp, while Cg is the capacitance of their series connection. (b)
Sketch showing the domains adjacent to a generic domain ¢ involved in the domain wall term in Eq. (1); d and w are the size and
wall width of the domain [11]. LGD parameters are extracted by imposing a coercive field Ec ~ 1.8 MV cm~! and a remnant
polarization P ~ 16 pCcm™2. We used an E¢ statistical dispersion with standard deviation over mean value oz, = 30%.
Traps are deeper than 0.5eV below the HZO conduction band at the FE-DE interface and extend over 2eV. Trap density is

5-10'3 cm=2eV~! and capture/emission rate is 20 kHz.

IV. SIMULATION FRAMEWORK

To interpret the experiments and to gain insight into the contribution to the LS and AC responses of
FTJs due to the polarization switching, we made use of the calibrated physics-based model for MFDM stacks
presented in [11]. The model relies on the Landau—Ginzburg-Devonshire (LGD) theory and includes trapping
at the HZO-Al,O3 interface.The HZO layer is partitioned into np domains (Fig. 8) and the spontaneous
polarization (P;) dynamics in each domain 7 is modelled as [2], [3], [10], [11]:

or, 1

L= [~ (204 P, +48; P? + 6, P*) ¢t

5t = tppl i Pt 4B P 4 67 PY) tr
tpk

S (P - S (PQr) [ (1)

+(Cp/Co)VIN]
where the j index indicates the generic domain in the grid of Fig. 8a, while the n index runs over the
domains adjacent to the i-th domain. The domain-dependent LGD coefficients «;, 5; and ~; follow from a
normal distribution of coercive fields, with the parameters reported in the caption of Fig. 8; k is the domain
wall coupling factor which accounts for the domain wall energy; p is the domain viscosity or switching
resistivity and C; ; describes the capacitive coupling between the i-th and j-th domains. In all simulations,
we set k & 0 according to first-principle calculations [12], and p = 110 Q m corresponding to a characteristic
switching time ¢, = p/(20mean) =~ 40ns, in accordance with ultra-fast switching measurements in HZO
[13]. All the reported results are for np = 100 and we verified that increasing np does not produce any
significant change in the results. The trapping dynamics are governed by a first-order differential equation

for the electron density nr,; inside the traps at the HZO-Aly O3 interface at the energy Ep [3], [10]:

onrri(ET)

5 = [Np(ET) — nrri(Er)] ¢n — nrri(Br)en (2)



where ¢,, and e,, are the capture and emission rates, respectively [3], [10], [14], while N (E7) is the interface
trap density at the trap energy Erp.
The ferroelectric and trapping dynamics are solved self-consistently, and from nr,; the total trapped

charge per unit area is readily calculated as:

QT,@' =—q Z nTT,i(ET,acc)

Er,acc

+ q Z [NT7don (ET,don) - nTr,i(ET,don)]
Er,don

where E7 4cc and Er 4o, denote the energies for the acceptor and donor traps, respectively.

The LS simulations agree quite well with the experiments (Fig. 3), confirming the validity of the simulation
framework. Therefore, we used this model to also simulate the FTJ response to arbitrary input signals.
Simulations are then compared to the measurements performed with our setup to gain insight into the FE
dynamics when the FTJ is operated in both the LS and AC regimes. The results are reported in the next

section.

V. MEASUREMENTS AND SIMULATIONS TO BRIDGE LS AND AC RESPONSES OF FTJs

In order to better investigate the large difference in the LS and AC peaks (Cgw) evidenced by the
comparison of Figs. 3b and 7 in Section III, we leveraged the versatility of our setup by devising a novel
characterization technique able to simultaneously probe both the LS and AC responses of the FTJs. To do
that, we superimpose an AC sinusoidal wave (Va¢, with amplitude A 4¢ and frequency fac) to a triangular
LS pulse (Vg, with amplitude Apg > Aac and frequency frs), thus obtaining the composite waveform
sketched in Fig. 9a.

The induced Irr; (Fig. 9b) exhibits sinusoidal fluctuations on top of an LS component (dashed line), that
resemble the FTJ current induced also by triangular pulses [9]. The spectrum of Ipr; in Fig. 10 suggests
that for frs < fac, the LS and AC components can be separated in post-processing via low-pass and
band-pass numeric filters, respectively. In particular, in order to obtain the AC current component I4¢, we
have used a filter with a bandwidth equal to 60 x f; s centered around fac. This choice is supported by the
fact that the extracted I4¢ in Fig. 9c¢ behaves like an AM-modulated sinusoidal carrier of frequency fac,
as it is confirmed also by the double-sided shape around f4¢ of its spectrum in Fig. 10.

Once I4¢ has been obtained, the AC capacitance can be readily computed as Cac = |lac|/27facAac,
whose envelope (Fig. 9d) resembles the AC capacitance of Figs. 6 and 7. In particular, far from the switching
peaks, the obtained C 4 shows the expected Crn value of the stack, thus verifying the reliability of this
procedure to evaluate the AC response of the FTJs.

By following a similar procedure, the LS component (I1,g, Fig. 9b, dashed line) of Irr; has been extracted
via an ideal low-pass filter of bandwidth Bys = 30 x frs. Then, the LS capacitance is calculated as Cpg =
[ILs|/(0VLs/0t) = |ILs|/(4fLsALs), whose values are identical to those in Fig. 3b (see Fig. 9f), proving
again the validity of the filtering procedure.
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Figure 9: Combined LS/AC measurements: (a) Vin (purple) is the superimposition of a triangular pulse (frs = 1kHz, dashed
orange) and a sinusoidal waveform (fac = 100kHz). (b) The resulting Irpp; (purple) shows sinusoidal fluctuations (inset)
superimposed on the LS component (dashed orange). (¢) AC current extracted by filtering I . (d) AC capacitance computed
from the AC current. (f) LS capacitance calculated from the LS component of Ipp; [dashed orange in (b)]. The excellent
agreement between C',g and Cry from Fig. 3b validates the filtering method. (e, g) Probability histograms of the C 4 envelope
[darker line of (d)] and of Crg. Histograms are used to obtain Crrn, Csw and their difference AC.

The Vyn waveform in Fig. 9a and the post-processing procedure to separate the LS and AC responses
have been used also for simulations, so as to closely emulate the experimental conditions. Figure 11a shows
the good qualitative agreement between the simulations and the experiments, which legitimates the use of
the model to gain additional insights into the physical mechanisms involved in the FTJ response to such a
complex driving stimulus.

By denoting with Qs the charge at the MF electrode (see Fig. 8) we can write [10]:

C C
Qur = =2 Pay — —FQT,AV +CsVin (4)
Co Co

with P4y and @7 av being the average spontaneous polarization and average trapped charge, respectively.

By differentiating in time Eq. (4), we obtain the total current at the MF terminal, which is composed of
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Figure 11: Simulations reproducing the new experimental technique, both performed at frs = 500 Hz and fac = 40kHz: (a)
Comparison between the envelope of experimental C 4 (symbols) and the simulated Cy¢ (line). (b) Probability histogram
of the simulated C4¢ envelope of (a) used to extract Crrn, Csw and AC. (c) The HZO polarization contribution (Cpor)

dominates in the overall C'4¢, while the trap contribution (Crrap) is much lower.

three terms:

Inir = Ipor + ITrap + Ics (5)

Ipor, ITrap and Icg are the contribution of P4y, Q1 ,4v and Cs to the displacement current, respectively.
Then, as in the experiments, we can obtain the corresponding capacitances as C, = |I.|/(27facAac),
where x stands for POL, TRAP and CS. Figure 11c compares the simulated C'po;, and Crrap: despite
the fundamental role of traps in the stabilization of the HZO polarization [15], the trap contribution to Cs¢
appears negligible w.r.t. that of the ferroelectric, which is thus responsible for the C'4c peaks. This holds
for all the simulated frs and fa4c values.

We drew the probability histograms of the capacitance in Figs. 9e, 9g and 11b to extract Cprjy, the
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Figure 13: Experimental (full symbols) and simulated (green) AC/Cprn of the AC and LS capacitance versus frs at fixed
fac = 100kHz. LCR data (yellow, Fig. 7) and that from Cjy (red, Fig. 3b) are also reported as a reference. C 4 peaks increase

with increasing frs. The model qualitatively reproduces the experimental trend.

peak capacitance Csy and their difference AC, aiming to monitor the irreversible switching contribution
to the calculated capacitances. Figure 12 shows AC/CpLrn, hence the relative difference between Csyy and
CLIN, as a function of f4c and for a couple of frg values. Cpg peak amplitudes agree well with those of
Crv in Fig. 3b, independently of fac. Instead, Cac peaks lie between a minimum set by Crcgr in Fig. 7
and a maximum set by Cjy and they reduce with increasing fac, thus indicating a progressively smaller
contribution of the irreversible switching at high fac. Simulations are in fairly good agreement with the
experiments, while LCR meter experiments do not show at all this trend (Fig. 7).

In Fig. 12 the C ¢ peaks increase with f1g, so in Fig. 13 we report AC/Crry vs. frs for a fac = 100 kHz.
At low frs, AC/Cprin of Cac approaches the Cpcog reference, while at large f1 s it tends towards the Cry
data (red star). Also the model confirms this general trend. Hence, for the first time, these experiments
provide a bridge between capacitance values measured through LS characterization or AC analysis. Figure 14

summarizes all the data measured for the different fr s and fac values.
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Figure 14: Summary of all the AC/Cpr;n obtained from experimental Ca¢ for various frg and fac. When frs and fac

converge, the measured capacitance peaks due to HZO switching increase.

VI. CONCLUSION

A new setup and novel experiments are used to characterize FTJs from LS to AC regimes. Measurements
highlighted that the contribution of FE switching to C4¢ is negligible in standard AC experiments, but it
largely grows if the underlying bias changes over time. This behavior has been confirmed also by simulations.
This may originate from the FE destabilization induced by the LS sweep, which enables the polarization to
respond to the AC signal. In LCR experiments, instead, the DC bias applied for a fairly long time before
the AC measurement stabilizes the FE polarization almost completely, thus dampening the polarization
response to the AC stimulus (Fig. 5b).

The dependence of the C s peaks on fac, instead, may be explained by invoking the time constants

related to irreversible polarization switching. Again, this trend is not observed in LCR experiments, since

the contribution of irreversible polarization switching to Crcr is negligible.
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