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ABSTRACT An in-house modeling framework for Ferroelectric Tunnelling Junctions (FTJ) is here
presented in details. After a precise calibration again experiments, the model is exploited for an insightful
study of the design of FTJs as synaptic devices for neuromorphic networks. Our analysis explains and
addresses the tradeoff between the reading efficiency and the effects of the depolarization field during
the retention phase. The reported results show that a moderately low-« tunnelling dielectric (e.g., SiO3)
can increase the read current and the current dynamic range. The study shows also how the contribution
of trapped charge may favor the stabilization of the polarization inside the FTJ, but also reduces the

maximum read current.

INDEX TERMS Ferroelectric tunnelling junctions, depolarization field, charge trapping, tunneling electron

resistance, neuromorphic computing.

I. INTRODUCTION
The huge interest in the field of neuromorphic computing
pushed a lot the research for synaptic devices capable of non
volatile, multi-level adjustments of the resistance [1]. Indeed,
for the neural network hardware, low programming energy
and high reading-impedance are crucial [2] and the proper
design of novel synaptic devices can improve by orders of
magnitude the energy efficiency of the system [3].

In this respect, Ferroelectric Tunneling Junction (FTJ) is
a promising candidate as synaptic device with high energy
efficiency. A four level operation has been already exper-
imentally reported in a Metal-Ferroelectric-Insulator-Metal
(MFIM) architecture (Fig. 1(a)) [4]. However, the design of
a MFIM FTJ has a delicate trade—off between the read opera-
tion and the retention condition. Indeed, during reading in the
low resistance state, the voltage drop Vp across the dielectric
layer should be large enough to induce a tunneling limited by
the thin oxide, namely ¢Vp > [®yp — xr] (see Fig. 2(a)).

This requires a small dielectric capacitance Cp = ep/ip.
The retention condition requires, instead, a large Cp/Cr
ratio (with Cr = ef/tr being the capacitance due to back-
ground polarization of the ferroelectric), so as to minimize
the depolarization field Epgp and prevent the backswitching
of the ferroelectric layer [2] (see Fig. 2(b)). Furthermore the
dielectric thickness fp and its electron affinity xp have a
large impact on the read tunnelling current.

Due to this complex trade—off and the many material and
device options, there is an urgent need for a simulation
driven optimization of the FTJs. However the modeling of
FTJs is challenging, as it entails the ferroelectric dynamics
for a three dimensional (3D) electrostatics and the tunnelling
through the dielectric stack. Furthermore, since the non ide-
alities of the different materials in the stack and/or at the
interfaces can play an important role in the operation and in
the performance of the FTJs [5]-[8], modeling strategies to
include these effects are needed.
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In this work, we extended the modeling framework for
FTJs reported in [9], that accounts for the 3D treatment of
the ferroelectric dynamics and electrostatics. The tunnelling
through the MFIM stack is also modeled, including possible
charge trapping mechanisms. After reporting a validation and
calibration of the model against experiments [4], [10], we
used the simulator to investigate some of the design trade—
off implied by the operation of FTJs, also accounting for the
possible contribution of the charge trapping to the overall
performance of the devices.

Il. MODELING APPROACH

We here concisely describe the in house developed modeling
framework employed in this work, consisting of the ferro-
electric dynamics, the tunnelling currents, and the charge
injection and trapping models.

A. FERROELECTRIC
ELECTROSTATICS
The starting point is the multi-domain Landau, Ginzburg,
Devonshire (LGD) model for a MFIM capacitor presented
in [11]-[13]. The dynamic equations for the domains polar-
ization, P;, (i = 1,2---np, with np being the number of
domains) read:

DYNAMICS AND DEVICE

dpP;
ZF,Od—tl = —(Zal'Pi + 48; P? + 6y; P?)tp

trk
+—%;m4»

1 ””( 1 1 ) Cp
+ = (—+=— )P+ 2vr ()
2; Gy Gi)' Co

where «;, B;, y; are the domain dependent ferroelectric
anisotropy constants, Cop = (Cp + Cf), d is the side of
the square domain, k and w are the coupling constant and
the inter-domain region width for the domain wall energy
(Fig. 1(b)), while the capacitances C; ; provide a three dimen-
sional description of the depolarization energy and obey
the sum rules 2;21(1/Ci,,/') ~ > (1/Cij) ~ 1/Cy [11].
Equation (1) provides at each time ¢ and bias V() all the
domain polarizations P;(f), so that the dielectric, Vp ;, and
ferroelectric, Vr ;, voltage drops are given by [11]:

1 . & Cr
Voi= 5 | Vo®dr= > —Pi+ -V,
i j=l

Cj ' Co
np 2)
Vii=Vr—V, 3 Lp oSy
Fi=Vr—Vpi=—) —Pi+—Vr
1 4 J:1 Cl,J J CO

As it can be seen, the resistivity p sets a time scale ¢, =
p/2|{x)]) of the ferroelectric dynamics, where («) is the
average o across the domains. In this respect, a slow Vr(¢)
bias compared to 7, results in a quasi static behavior.
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FIGURE 1. (a) Sketch of a MFIM based FTJ, where MF, MD are the
electrodes contacting respectively the ferroelectric and the dielectric,
while tg, tp, ¢f and ¢p are the ferroelectric and dielectric thickness and
permittivity, respectively. A positive ferroelectric polarization points
towards the dielectric (red arrow). (b) Zoom on ferroelectric domains
where d is the side of the square domain and w is the width of the
domain-wall region used for the domain wall energy in LGD (Eq. (1)) [11].
Throughout the work we used d = 5 nm, w/d = 0.1 and the domain wall
coupling factor in Eq. (1) was set to k/w = 2 x 10~3 [m2/F]. Vy is the
external bias. (c), (d) Qualitative band diagram across the dielectric stack
during the read operation, where Vp denotes the read voltage. (c) Positive
polarization and low resistance state; (d) Negative polarization and high
resistance state.

B. READ OPERATION AND TUNNELLING CURRENT

We assume in the model that the current in the read opera-
tion, Ig, is dominated by the tunnelling through the dielectric
stack, which is estimated as the sum of the Ig; in each
domain. The Ig; is in turn expressed by using a Landauer
model as [14]:

= 2 [ S mEDAREDAE, 3)

e Kk

where Afy(E1) = [fomp(EL + e(k)) — fomr(EL + &(k))]
identifies the Fermi window, and the transverse energy is
e(k) = (h?/2m))(ks*> + ky*). The Fermi functions in Eq. (3)
are defined as fO,MD(F)(E) = [l + exp(E — Ef’MD(F))]_l,
with Ef yp, Erymr being the Fermi levels of the elec-
trodes. Equation (3) assumes an effective mass approxi-
mation and an energy separability £ = E; + e(k), with
the transverse energy (k) being conserved in the tun-
nelling process [15]. For a tunnelling transmission, T;(E ),
independent of (kyx, ky), the sum over (ky, ky) can be eval-
uated analytically for each electrode M = MD or MF
as [16]

A
ZfO,M(EL +e(k) = 5 /fO,M(EL + e(k))dk
o (2m)* Jk
AKpTm
= # In[1 + exp(npum)] 4
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FIGURE 2. Energy band diagram across the MFIM stack. Eg, &y and ®yp
are respectively the vacuum level, and the work function of the MF and
MD electrodes. xf, xp are the electron affinity of the ferroelectric and
dielectric, Ef y;p, Ef yyp are the Fermi levels in MD and MF. (a) Read
condition with a voftage Vr = Vg : qVp should be larger than the
ferroelectric tunnelling barrier [®4;p — xf], so that the ferroelectric
conduction band profile can drop below E¢ yp; (b) Retention condition for
Vr = 0 V: the depolarization field Epgp ~ Pr[cp(Cp/CF + 1)]~! should be
minimized to prevent backswitching (P, is the remnant polarization).

where 1y is defined as 0y y = (Efy — E1)/KpT. Hence
the expression for Iz ; simplifies as

+00
AKBTqu
Ri= "5 33 Ti(EL)AfL(EL) dEL &)
—00

where Af(E1) = In[1+exp(nr pp)] — In[1 + exp(nr pr)].
For a read voltage Vg applied to the MF electrode, we have
Ef mr = Ef yp — qVg. Finally, T;(E) is calculated accord-
ingly with a WKB approximation and an effective oxide
mass m,,. Here we notice that the m in Eq. (5) corre-
sponds to an effective mass for the density of states of the
metal electrodes. In the lack of a better determination of my,
we used the popular assumption m ~ mg [17].

For the purpose of WKB calculations the conduction band
profile Ecp,i(z), Ecr,i(z) in the oxide and ferroelectric is
assumed to be linear and set by the Vp; and Vf; given by
Eq. (2); this simplifies the determination of the extrema z;,,
Zout Of the tunnelling paths illustrated in Fig. 2(b). Depending
on the specific polarization condition, two tunnelling paths
may be involved in the WKB calculation at a given E |
(see Fig. 2(b)), in which case T;(E|) is obtained as the
product of the two tunnelling transmission probabilities. This
approach neglects the influence on T;(E) of interference
effects, which is a reasonable approximation also in virtue
of the empirical calibration of some modeling parameters
discussed below.

C. CHARGE INJECTION AND TRAPPING MODEL

It has been recently pointed out that in ferroelectric—dielectric
systems the charge injection through the thin dielectric and
the charge trapping can play an important role [5]-[8].
Hereafter we will assume that tunnelling is the dominant
conduction mechanism across the Al,O3 layer, even if addi-
tional mechanisms assisted by defects are also possible in
thin oxides [18]. Moreover, we describe the trap density and
trapped charge in terms of areal densities at the ferroelectic—
dielectric interface. However, it is acknowledged that these
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TABLE 1. Material parameters used in simulations. The work function ¢y
of Al and TiN were taken as 4.08eV and 4.55eV, respectively.

| HzO | ALOs | sio, |

XD, Xr [eV] 2.1 1.4 0.95
Moy (F, D) [Mo] 0.4 0.3 0.5
€D, EF[E()] 30 10 39

TABLE 2. The acceptor and donor traps are located 0.4 eV and 2.4 eV below
the conduction band minimum at the ferroelectric-dielectric interface,
respectively, and they both extend for 2 eV wide range in the energy gap.

op [meV] or [em?] mp [mg] mg

7 5.1071%.1.1071% 0.23-03 04

figures should be considered as equivalent areal densities
possibly including also a charge trapping in the ferroelectric
and dielectric films.

A first order dynamic equation for a trap level at the
ferroelectric—dielectric interface having an energy Er and
an occupation fr can be written as

% = cup(1 — fr) — empfr + cur(1 — f1) — emefr (6)
where ¢y and eyy (M = MD or MF) denote capture and
emission rate of each trap. When fr is equal to the Fermi
function at the electrode MD or MF, a detailed balance must
be satisfied between the capture and emission rate towards
the electrodes, which we enforced through the conditions

emp (1 = fo.up) — empfo.up = 0 -
emr (1 = fo.mr) — emefomr = 0.

Equations (7) can be readily used to substitute eyp, eyr
in terms of cyp, cyr in Eq. (6). The capture rates at a
given trap energy E7 are described in terms of the tunnelling
transmission from the electrodes, and they are proportional
to the Fermi functions at the electrodes. More precisely, we
write cyp = cmpo X fo,mp(ET) and cyr = cyro X fo,mr (ET),
with cypo, cyro defined as:

“+o00

/ Ty (ET — €)dse, (8)

0

_ m
cmo(ET) = o10E 2

where o7 [cm?], o [eV] are respectively an area and an
energy cross section of the traps. As discussed above, the
tunnelling transmission Typ(Er — ¢) and Tyr(ET —¢) were
calculated through the WKB approximation, by using the
effective tunnelling masses mp, mp, and the energy barriers
(DD = ((DTiN — XD), (DF = (q)TiN — XF) in Tabs. 1 and 2.

By using Eq. (7) and the capture rates cypo, cyro defined
in Eq. (8), the dynamic equation in Eq. (6) can be rearranged
in the equivalent form
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FIGURE 3. Steady state equilibrium occupation (i.e., at Vy = 0 V) for
acceptor-type traps after a SET pulse. The trap energy on the x-axis is
referred to the Fermi level E; y,,, of the MD electrode. The red line is a plot
of the Fermi occupation function fy yp(r) (E) of the MD electrode. The inset
shows the V; waveform used for the simulations and the vertical arrow
indicates the time at which the trap occupation f; has been plotted.

afr
r )

In steady state conditions, Eq. (9) results in a trap
occupation

= cempolfo.mp — fr] + cmrolfo.mr — fr].

empofo,mp(ET) + emrafo,mr(ET)

CMDO + CMFO '
Equation (10) shows that at the equilibrium, namely in steady
state for V7 = 0 V and thus for Er yp = Ef mr, the fr of
acceptor type traps is duly set by the equilibrium Fermi
function. When a non zero Vr is applied to the structure,
instead, the steady state fr approaches the equilibrium con-
dition with one of the two electrodes only if the capture rate
from that one electrode is much larger than the capture rate
from the second electrode.

Figure 3 shows an example of the steady state occupation
of acceptor type traps with an energy located 0.4 eV below
the HZO conduction band edge and after a SET pulse (see
the Vr waveform in the inset). In the example at study, the
capture rate cypo is much larger than cyrg, because of the
very different thickness of the dielectric and ferroelectric
layers, so that the steady state occupation of the trap is
essentially in equilibrium with the Fermi level Ef pp of the
MD electrode.

fr=

(10)

D. MODEL VALIDATION
EXPERIMENTAL DATA

The models have been validated by comparison with recent
experimental data for both the ferroelectric Q—Vp curve (with
Q = P+ eoerEFR) [10], and the read current in correspond-
ing FTJs [4]. Figure 4 shows the Q-Vf curve measured
in the metal-ferroelectric—metal system of [10], featuring a
12nm thick Hfy5ZrpsO, (HZO); the simulations with the
LGD multi—-domain model of Eq. (1) are also reported. The
agreement between simulations and experiments is good and
the matching in the switching region improves by account-
ing for the domain—to—domain variations of «;, 8; and y;.

AND ANALYSIS OF
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FIGURE 4. Experiments from [10] (symbols) and simulated polarization
(lines) versus ferroelectric voltage characteristic of a Hfg 5Zrg 50, layer
with £z = 12 nm. The nominal values of the anisotropy constants in the
LGD equations are « = —5.8 - 108 m/F, g = 2.9 - 10° m3/F/C2,

y = 6.5-101° m2/F/C4, and domain to domain variations are introduced
according to a normal distribution of «;, ;, y;, where 5, g, denote the
standard deviations normalized to the mean values. Both experiments and
simulations correspond to a quasi static condition.

Throughout this work we will use the nominal values for «,
B and y reported in the caption of Fig. 4.

We simulated a MFIM structure featuring a 12 nm HZO
ferroelectric, a 2 nm Al>,O3 dielectric and TiN metal elec-
trodes [4] (see Table 1 for material parameters). Figure 5
(top) shows examples of the setting and reading waveforms
applied during the simulations of the FTJs, that were shaped
to emulate the triangular waveforms used in the experiments
of [4]. As it can be seen from the x-axis, the Vr wave-
forms are very slow compared to ?,, hence the simulations
correspond to a quasi static operation.

In Fig. 5 (bottom), different maximum SET voltage values
Vser have been used, clearly resulting in different fractions,
fup, of domains with a positive polarization, stemming from
the minor loops in the Q versus Vr curve shown in the
inset. By inspecting the fyp in the set and read operation
we also see that the MFIM device suffers from a quite
strong depolarization effect. In fact, for a given Vsgr, the
fup during retention (i.e., for Vr = 0 V) and read (i.e., for
Vr = 2 V) is significantly smaller than the corresponding
fup reached in the SET operation. This occurs because the
fairly large dielectric thickness tp = 2 nm results in a strong
depolarization field (see the sketch in Fig. 2(b)), producing
a backswitching to P; < 0 of some of the domains that had
switched to P; > 0 during the setting phase.

Figure 6 finally compares simulations and experiments
for the Ig of FTJs at a read voltage Vg = 2 V. Our simu-
lations in Fig. 6 can track the experiments quite well with
the reasonable values of the oxide mass my, reported in
Table 1 [19].

1il. SIMULATION BASED DESIGN OF FTIS
The minimum /g value required by applications is set by
the transistors leakage current and by the noise of the sense
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FIGURE 5. (Top) Examples of setting and reading waveforms used in the
simulations of the MFIM based FTJs of [4] (see parameters in Table 1);
read voltage is Vg = 2 V. (Bottom) Corresponding fractions fyp, defined as
the percentage of the domains having a positive polarization during the
set and read operation and for different Vggr. The inset shows minor
loops in the Q versus Vr plots corresponding to different Vggy values.
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FIGURE 6. Experiments from [4] (boxes, device area ~ 3.14 - 10~% cm2),
and simulations (black solid line) for the read current at Vg =2 V of an
HZO/Al, 05 FTJ (12 nm / 2 nm) and versus the set voltage Vggr. The error
bars for experiments were inferred from the cycle to cycle variations
reported in Fig. 3(d) of [4].

amplifier and, for recent designs of neuromorphic proces-
sors, a reasonable target is approximately 100 pA [20], [21].
The results in Fig. 6 show that, for Vsgr = 25 V, a
device area larger than 10* um? is needed to reach the
Ir = 100 pA limit. Moreover the ON/OFF current ratio
R; = [IR max/Ir.min] 1s only about ten, that seems too small
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FIGURE 7. Read current at Vg = 2 V (left y axis) versus the Al, 05 thickness
for an HZO/Al, O3 FTJ (£ = 12 nm) and for Vggr = 2.5V or 6.5 V. The
average voltage drop, Vp ,p, for the positive polarization domains is also
reported (right y axis) in read condition, and the current ratio

Ry = IR, max /IR, min] is shown in the inset.

for the desired 4-bit resolution of the synaptic weights [22].
Hence the primary goals of our FTJ design exploration are
the increase of Iz and Ry.

A. DESIGN FOR NEGLIGIBLE CHARGE TRAPPING

The most obvious route to increase /g is the scaling of the
dielectric thickness tp, whose effects are illustrated in Fig. 7
for the HZO/AI,O3 stack. As it can be seen, by thinning the
Al,O3 layer the I increases, but R; degrades (see inset). A
marked R; reduction with decreasing #p has been observed
also in experiments [10]. Fig. 7 also shows that, by thinning
Al O3 and thus increasing Cp, the average Vp ,, for the
positive polarization domains decreases (right y axis), and
eventually ¢gVp ,» cannot overcome [®yp — xr] = 2.45 eV
(see Fig. 2(a)).

In order to reduce Cp for a given 7p, we replaced the tun-
nelling oxide with SiOj, having a dielectric constant about
2.5 times smaller than Al,O3. Figure 8(a) reports Ir and
versus Vsgr for two variants of a HZO/SiO, based FTJ, and
compared to the HZO/Al,O3 baseline case of Fig. 6 (black
line). By using a 1 nm SiO, layer and maintaining TiN elec-
trodes the Ig at Vg = 2.0 V largely increases (red line), but
Ry does not improve. In the second option of the HZO/SiO;
based FTJ we considered a low workfunction Al electrode
(P =~ 4.08 eV), so as to reduce the SiO; tunnelling barrier
[©mp — xp]. This leads to a large Ir increase at fixed Vg,
that we exploited to decrease both Vg to 1.5 V and the min-
imum Vgsgr to 2 V. The corresponding results in Fig. 8(a)
(green line) show a large improvement for both Iz and Ry
compared to the HZO/Al;O3 case. Indeed, Fig. 8(b) reveals
that the 1 nm SiO; design leads to Vp ,, values comparable
to the 2 nm Al,O3 for Vg = 2 V; moreover for Al electrodes
the gVp,p can overcome [®yp — xF] even for Vg = 1.5 V.

The engineering of the metal work-function for the cap-
ping electrodes is still quite actively investigated for the

VOLUME 9, 2021
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FIGURE 8. (a) Read current (left y axis) and Ry = [Ig, max/Ir,min] (right y
axis) versus the SET voltage for the TiN/HZO/Al,03/TiN structure

(tp =2 nm, Vg =2 V) in Fig. 6, and for two variants of an HZO/SiO, based
FTJ, namely for TiN/HZO/SiO,/TiN (fp = 1 nm, Vp =2 V), and for
AI/HZ0/Si0, /Al (tp = 1 nm, Vg = 1.5 V). The HZO thickness is £ = 12 nm
in all cases. (b) Average voltage drop, Vp yp. for the positive polarization
domains (as in Fig. 7), for the different design options. The ferroelectric
tunnelling barrier [®yp — xf] is substantially reduced for the Al electrode.

design of FTJs [23], [24]. In this respect, while the crystal-
lization annealing with a TiN electrode is the most popular
option to induce ferroelectricity in the HZO, a robust HZO
ferroelectricity has been experimentally reported also for
different metal electrodes [23], [25].

B. DESIGN IN THE PRESENCE OF CHARGE TRAPPING

Because it has been argued that in ferroelectric—dielectric
stacks the charge injection and trapping can compensate to
a large extent the ferroelectric polarization [5], we have here
analyzed the influence of such a charge trapping on the oper-
ation of FTJs. The model described in Section II-C allows us
to have the trap occupation fr for any waveform of the exter-
nal bias V7, which can be used to calculate the charges Qgcc,
Qdon trapped in respectively acceptor and/or donor traps as:

Quee = (;—If) > Nacef 1(Er) AE, (11a)
Er
Quon = % > Naon(l —fr(Er)AE.  (11b)
Er

where Ny, Ngon denote the trap densities and AE is the
energy step between the discrete trap levels. The overall
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FIGURE 9. Simulated spontaneous polarization (P, red line) and interface
charge (Q;,¢. blue line) averaged across the device area. (a) Results for a
SET pulse followed by a 2 V read waveform; (b) results for a RESET pulse
followed by the same read waveform. The interfacial trap densities used in
these simulations are Nacc = Ngop =5 x 1013 [cm—2ev-1].

interface charge Qj,, is simply the sum of Q.. and Q-
Equations (9) to (11) refer to a single domain in the FTJ
structure, but it is understood that Eq. (9) was solved in
each domain and self-consistently with the LGD equations
for the ferroelectric dynamics. Moreover, in all simulations
including traps, in each domain the charge Q;,, was duly
added to the polarization P in the calculation of all relevant
quantities, such as Vp;, Vr; in Egs. (2).

Figure 9 shows an example of the waveforms for the
average spontaneous polarization, P, and interface charge,
Qint, during a SET and a RESET pulses followed by a
read pulse. As it can be seen, the acceptor and donor trap
densities are such that approximately 50% of the ferroelectric
polarization is compensated by Qj,; during the SET/RESET
phase, as well as during the read operation. Furthermore,
the average P and Qj,, tend to follow specular trajectories
in Fig. 9. If we focus on the rising V7 ramp in Fig. 9(a), for
example, this can be understood because, when Q;,,; produces
a significant compensation of P, then the Q;,; detrapping and
the rising V7 ramp have an additive effect on the increase
of the ferroelectric field that produces the P switching. This
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FIGURE 10. Percentage of domains with a positive polarization, fyp,
versus the charge compensation produced by interface traps and here
quantified as |Q;p¢/P|). The fyp is evaluated after a SET pulse during either
retention or read phases. The inset illustrates the conduction band profile
(averaged across the device area) close to the ferroelectric-dielectric
interface and evaluated during the read pulse. The interfacial trap
densities (with Nacc = Ngp,) varies between 0 and 5 x 10'3 [cm—2eV-1].

creates the link between Qj,; and P that results in roughly
specular variations.

We now notice that the trapping induced compensation
of the ferroelctric polarization observed in Fig. 9 is instru-
mental in order to stabilize the polarization by reducing the
otherwise very large depolarization field in the ferroelectric.
This latter point is best illustrated by Fig. 10, reporting the
percentage fyp of domains with a positive polarization after
a SET pulse versus the charge compensation quantified as
|Qint/P|. The results are shown for either the retention (i.e.,
Vr =0 V) or the read phase (i.e., V7 =2 V). As expected,
a larger polarization can be stabilized by increasing Qjy,
however this does not result in an improved band bending
in read mode. In fact, the inset shows that, by increasing
|Qint/P|, the average voltage drop, Vp, across the dielec-
tric degrades and the HZO conduction band minimum at
the ferroelectric—dielectric interface is pushed up. This is
a serious drawback of the charge compensation via Qjy,
which hinders the attainment of a band diagram favourable
for the tunnelling injection through the thin dielectric
layer.

It is presently difficult to be more quantitative about
the trade—off between the favourable and the detrimen-
tal effects of the trapping-induced compensation of the
ferroelectric polarization, particularly because it is diffi-
cult to estimate the trapped charge in actual devices. In
this latter respect, the values of trap densities consid-
ered in Figs. 9, 10 are admittedly quite large, however
they are not at all inconsistent with recent experimental
papers that have reported estimates for the areal density of
trapped charge in HZO based FTJs or FeFETs in the range
of 10 cm~2 [6], [26].
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IV. CONCLUSION

An in-house developed simulator for FTJs has been presented
and calibrated against experiments. The developed simula-
tor has revealed fundamental to study the delicate tradeoffs
between the reading current modulation and the depolariza-
tion field that hampers the retention of FTJs based synaptic
devices. The results show that the use of a SiO, tunnelling
dielectric and low workfunction metal electrodes can greatly
increase the read current dynamic range, thus enabling the
multi-bit synaptic weight resolution.

Concerning the detrimental effects of the depolarization
field, we demonstrated that the contribution of charge trap-
ping can be beneficial for the stabilization of the polarization
during retention. However, the trapped charge may reduce the
gain in the read current dynamics, thus limiting the benefits
of an optimized design for ferroelectric tunnelling junctions.
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