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Abstract

We here report a joint experimental and simulation analysis for large signal P-V and AC small-signal
C-V curves in ferroelectric tunnel junctions. The attempt to reproduce both experimental data sets with
the same model and material parameters challenges our understanding of the underlying physics, but it
also helps develop a sound background for the device design.
© 2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be
obtained for all other uses, in any current or future media, including reprinting/republishing
this material for advertising or promotional purposes, creating new collective works, for resale
or redistribution to servers or lists, or reuse of any copyrighted component of this work in

other works. DOI: 10.1109/ESSDERC55479.2022.9947185

I. INTRODUCTION

Memories and memristors based on ferroelectric Hf(Zr)Oy have recently emerged as competitive options for
conventional and novel neuromorphic hardware [1]. In Ferroelectric Tunnel Junctions (FTJs) the tunnelling
barrier is altered by the ferroelectric polarization state [2], whereas in ferroelectric field—effect transistors
(FeFETs) the polarization affects the threshold voltage and the read current of the FeFET [3], [4]. The
polarization P at the interface between the ferroelectric and a thin dielectric layer governs the operation of
both devices.

Experimental characterization and sound modelling are both paramount for an optimal design of fer-
roelectric devices. The multi-domain Landau, Ginzburg, Devonshire (LGD) theory is well credited for the
ferroelectric dynamics, and it has been used for negative capacitance effects [5]-[9], as well as for the operation
of FTJs [10] and of FeFETs [11]. The most appropriate thermodynamic potential in the presence of free
charges in the dielectric stack has been recently revisited in [12].

This paper presents an investigation of the AC small-signal C-V curves (SSCV) in metal-ferroelectric—
dielectric-metal (MFDM) FTJs (Fig. 1), whereby measurements are obtained with a purposely developed

experimental setup, and simulations with a rigorous linearization of the LGD model. An instructive insight
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Figure 1: Sketch of the MFDM FTJs of this work and of the experimental setup. The setup consists of two distinct parts: (a)
Virtual-grounded I—V converter (Rry=1.5k2, C1yy =470 pF) to measure the switching current Ir7 s through an oscilloscope.

The inset shows the bandwidth (BW) of the amplifier; (b) An LCR meter to measure the AC small-signal capacitance.

is reported by comparing simulations and experiments for both the large-signal P~V curves (LSPV) and

the SSCV response.

II. DEVICE FABRICATION

The MEDM FTJ structure consists of =10 nm Hfy 5Zry 505 (HZO) and ~2nm Al,O3 deposited via ALD on
top of a W (30nm)/TiN (10 nm) electrode. The 10nm TiN top electrode was also deposited via sputtering
under ultra-high vacuum. The HZO was crystallized by annealing at 500°C for 20s. Finally, capacitor
structures were formed by depositing 10 nm Ti/25nm Pt through a shadow mask and etching the TiN layer.
For both electrodes, UHV sputtering ensures a low resistivity of around 3 -107%Qm so that the voltage is
dropped mainly over the active bilayer. The Al,O3 tunneling layer in series with the ferroelectric increases
the coercive voltage V. of the stack to &~ +2 V. More switching properties of these devices have been reported

elsewhere [13].

III. EXPERIMENTAL SETUP AND RESULTS

Triangular pulses with an amplitude of several Volts are typically used to measure LSPV curves, while
an AC small-signal is used for SSCV measurements. It has been argued that the irreversible polarization
switching dominates LSPV measurements, while it gives a negligible contribution to SSCV curves [14],
[15]. In order to directly inspect the current response to the AC small-voltage in an FTJ, we developed
the experimental setup of Fig. 1. An arbitrary waveform generator (AWG, Agilent 33250A) supplies Vr at
the MF metal electrode, while the current Ipr; is measured at the virtual-grounded MD metal contact
through an I—-V converter [13]. The OPAMP (TI TL082CP) feedback loop defines the trans—impedance of
the amplifier (V,u;=—RvIpry) inside its bandwidth BW=(2r Ry Cry)~ . The V,,; is finally monitored
through an oscilloscope (Tektronix TDS520B). This versatile setup allows us to measure the P-V curves
using triangular pulses, as well as the AC small-signal response to a sinusoidal input. Moreover, we also

measured SSCV curves by using an LCR meter (HP 4284A).
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Figure 2: Emulation of an AC measurement by using the I—+V converter. (a) Sinusoidal Vi waveform superimposed to a DC
bias Virg. (b) Measured Ipr; for Vpg=1.8 V which is close to the positive coercive voltage of the FTJ (see Fig. 4a). A deviation
of the Ippy from the sinusoidal waveform is observed during the first positive half-period, which we ascribe to irreversible
polarization switching.

(c) Ippy for Vpop=—4 V showing a sinusoidal-only response.
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Figure 3: (a) SSCV curves measured with the LCR meter in the 100 Hz—1 MHz range and according to the different equivalent

circuits sketched in (b), namely the RC series (green, dashed), the CG parallel (red, dashed) and the hybrid series—parallel RCG

(solid line) circuit.

As shown in Fig. 2, we used the AWG to emulate the Vi waveform used in LCR based measurements,
and recorded the current for different DC bias values Vpg. Figure 2 shows that an evidence of irreversible
switching is observed only during the first positive AC semi—period at Vprg=1.8 V, which is close to the
positive coercive voltage (see Fig. 4a). The Ipr; is instead clearly sinusoidal in the following periods, despite
the relatively large 300 mV amplitude of the AC signal. The analysis in Fig. 2 excludes that a non-linear
Ipr response to the AC Vp waveform can affect the SSCV curves detected by an LCR meter.

Figure 3a shows the hysteretic butterfly-shaped C—V curves measured with an LCR meter at different

AC frequencies f ranging from 100 Hz to 1 MHz. The reasonably bias—independent capacitance measured at



Vo244V is quite close to the estimated series capacitance Cy=1.44 uF cm~2 due to the sole linear dielectric
response of the FTJ stack (for ezp=30, epp=9). Since the frequency dependence in Fig. 3a may be affected
by the capacitance extraction method, we compared the results for different equivalent circuits (see Fig. 3b).
Solid lines in Fig. 3a were obtained with a hybrid series—parallel RCG circuit, whereby the R, at each Vpg
was estimated as the real part of the impedance at 1 MHz (assuming that at 1 MHz the influence of leakage
through the FTJ is negligible). As expected, the series RC model (green, dashed) deviates from the RCG
results at small f and large V¢ because it misrepresents the leakage. The accuracy of the parallel CG
scheme (red, dashed), instead, degrades at high frequency because it cannot capture the influence of R;.

The experimental data compared with simulations have always been extracted with the RCG model.

IV. SIMULATION METHODS AND RESULTS

The SSCV curves in ferroelectric materials and devices have been investigated to a lesser extent compared
to the LSPV counterpart. In particular, it is unclear if the same model and material parameters explaining
a given set of P-V curves can reproduce equally well the corresponding SSCV curves. There is, however,
a consensus that LSPVs measure the irreversible polarization switching, while the SSCVs mainly probe a
reversible component, typically interpreted as a domain wall motion (DWM) [15]. In this latter respect, it
has been argued that the DWM effects are adequately represented in the LGD equations [16], [17], thus
even in their small-signal linearization.

Our modeling methodology solves the multi-domain LGD equations, that for np domains read [7], [8]
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where P;, Q7; are the polarization and trapped charge in domain 4, and the sum over n is restricted to
the domains sharing a domain wall with domain i. Moreover, a;, (;, ; are the anisotropy constants, p is
a switching resistivity, d is the side of square domains, k and w are respectively the domain wall coupling
coefficient and wall width, and C; ; are capacitive couplings between domains [7].

The ferroelectric dynamics is self-consistently solved with first order dynamic equations for traps at the
FE-DE interface. Traps are assumed to exchange charge only with the MD electrode (in virtue of the much
thicker ferroelectric layer) and the dynamic equations read [7]:

3n 1 ET
%) = Cn [NT - nt'f,i] — EnTitr; (2)
t
where ny, ;(E7) is the density of trapped electrons at energy Ep in domain ¢, while N is the corresponding
trap density. The ¢, (Er) and e, (Er) denote the capture and emission rates with e,=eno Fo[(Ef,vp—FEr)/KpT],

where e, is a bias independent rate, Fy(n) is the Fermi-Dirac function and Ef jrp the Fermi level at the MD



electrode.’ The ¢, is linked to e, by ¢,=e, exp[(Efmp—Er,)/KgT), which ensures that the steady-state
occupation of traps deriving from Eq. 2 is in thermodynamic equilibrium with E¢arp. A set of Egs. 2 is
solved for both donor and acceptor type traps, and the overall trapped charge Qr; in each domain is Qr;
= Qri.acc + Qi don-

Figure 4a reports the experimental P—V curves corresponding to triangular pulses at a frequency f=1kHz,
and Fig. 4b shows also an effective large-signal capacitance curve (LSCV), that was extracted by dividing
the current during the triangular pulse by the slope of the voltage ramp, namely as LSCV=Ipp;/(dVr/dt).
Figure 4b confirms that the measured LSCV curves are much larger than the SSCV counterparts (see Fig. 3a),
due to the irreversible switching component.

Figures 4a and 4b also report the simulated LSPV and LSCV curves. In simulations we used nominal
values of anisotropy constants a, 3 and «y equal to respectively —3.8 - 108 m/F, —3.2 - 10'° m®/(FC?) and
7.9 - 10" m?/(FC?*), and then introduced a domain to domain fluctuations of a, 3, v corresponding to a
standard deviation op.=30% of the coercive field (normalized to mean value). Simulations assume a fully
ferroelectric HZO film (i.e. 100% orthorhombic phase), unless otherwise stated. The switching resistivity
was set to p=110Qm [18], while the domain wall coupling k was set to zero, if not otherwise stated, by
following recent first principle calculations for HfO, [19]. Figure 4a shows that simulations neglecting any
trapping at the FE-DE interface result in much narrower and more tilted curves compared to experiments.
We have already emphasized this behavior in [20], and discussed the links to the previous literature [21].
Only a fairly large density of traps at the FE-DE interface can reconcile simulations with experiments, and
our trap densities are consistent with values extracted in [22], [23]. Even for the LSCV curves the simulations
neglecting trapping show a large discrepancy with experiments, whereas the agreement improves drastically
by including traps.

As for the simulation of the AC small-signal response, we note that Egs. 1 and 2 can be collectively

denoted as
0Y;
i = B, Vr(1)) (3)

where Y}, is a generic unknown (i.e. P; or ny,;(Er)), with h=1,2,--- Npp and Npp being the number of
equations. With a standard notation, the AC small-signal version of Eq. 3 at the radial frequency w can be

written as:

~

Vr (4)
Vr,o

~ X > Ofn
JoYn = JniYe+ i
k=1

oVr

where Jj, 1, is an entry of the Jacobian matrix Jj,,=0F},/9Y}, while ‘Zp is the AC external bias. Equation 4
is a linear problem for the unknowns XZL, from which the AC- small-signal terminal currents and thus the
small-signal capacitance can be readily calculated.

Figure 5 compares the experimental SSCV with simulations at an AC frequency f=100 kHz. The simula-

tions without traps do not show the capacitance peaks at the coercive V voltages observed in experiments.

I The Fermi-Dirac occupation function Fy(n) is defined as Fo(n)=1/[1 + exp(n)].



2

Charge [uC/cm

30 1 1 1 1 1 25 1 i 1 : 1 : 1
— [ o Experiment ]
20 §22.5 L b) — Sim. with traps -
I o 20r Sim. with traps A_ /A = 70%| ]
10 Ei17_5_ — Sim. w/o traps -
[ O
0 T 125
' S
- 9
0 I w
[0)
-20 T xpenr )
| = Sim. with traps ] a
Sim. with traps A /A, = 70% -
-30 . . = Sim. no traps 1

2 4

0
Vo V]

Figure 4: Comparison of measured (symbols) and simulated (lines) LSPV curves (a), and LSCV curves (b), for an Al,O4
thickness tpg = 2nm. Simulations are shown for no trapped charge (green line), and for a density of acceptor and donor
type traps equal to respectively Ngce=4.7 - 1013 em=2eV—! and Ngee=5.4 - 1013 cm=2eV~! and over a 2.5eV energy range.
Simulations for a 70% ferroelectric area in the HZO film (i.e. Apg/Atot=70%) are also reported for Ngcc=5.9- 1013 cm=2ev—1

and Ngop=9.6 - 1013 cm~2 eV ~1. The bias-independent trapping emission rate in Eq.2 is eng = 2 - 1041,
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Figure 5: Measured (box plot, blue) and simulated (lines) small-signal capacitance curves at an AC frequency f=100 kHz and
for the same device as in Fig. 4a. Measurements correspond to ten nominally identical devices. Simulations with and without

trapping are displayed. The inset shows simulations at f=100 Hz.

Simulations with traps reproduce quite well the capacitance at large |Vr| values and the coercive voltages,
but they overestimate the measured peak capacitance. At lower frequencies the discrepancy with experiments
gets worse (see inset), because the simulated capacitance enlarges significantly due to AC response of traps
(which is negligible at f=100 kHz), whereas the increase in experiments is comparatively much smaller (see
also Fig. 3a). This mismatch may hint that traps are located deeper inside the ferroelectric bulk and have
longer time constants compared to simulations.

Figure 6a illustrates the effect of a non negligible domain wall coupling %k, which is expected to enhance

the capacitance contribution due to domain wall motion. Larger k values emphasize the discrepancy with



experiments in the peak capacitance region, besides being in contrast with first principle calculations [19].

We now recall that in our HZO films the fraction of orthorhombic ferroelectric phase can reasonably
vary between 50% to 70% [24]. Figures 4a and 4b reveal that simulations with 70% ferroelectric area (i.e.
Arg/Aie:=70%) can still reproduce well the experimental LSPV and LSCV curves by adjusting the trap
densities. Moreover Fig. 6b shows that, by accounting for a non ferroelectric area in the HZO film, the
simulated peak capacitance in SSCV curves is reduced (for fixed values of the LGD anisotropy constants),

thus improving the agreement with experiments, particularly for the positive Vi values.
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Figure 6: Measured and simulated capacitance as in Fig. 5 but for: (a) different values of the domain wall coupling k; (b) 70%

fraction of ferroelectric over total area. The AC frequency is f=100 kHz.

V. CONCLUSIONS

We have reported experimental characterization and numerical modelling for LSPV and SSCV curves of
MFDM based FTJs. As already pointed out in [20], our simulations can be reconciled with experiments only
by accounting for charge trapping at the FE-DE interface. In our simulations the AC response of spontaneous
polarization is not due to domain wall motion, in fact the domain wall coupling k was set to zero, and an
increase of k impairs the agreement with experiments. By duly accounting for a fraction of non ferroelectric
domains in the HZO film, the agreement with expriments of simulated SSCV curves is improved.
Acknowledgements: This work was supported by the European Union through the BeFerroSynaptic

project (GA:871737).
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