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Abstract—The hafnium oxide (HfO:) based ferroelectric
tunnel junction (FTJ) using ferroelectric-dielectric (FE-DE)
bilayer-barrier structure is studied by physical modeling. The
FTJ performance strongly depends on the barrier height of DE
with respect to that of FE-HfO:. Compared with FE-HfO2/SiO2
case, FE-HfO2/Ta20s based FTJ shows high ON current (Jon)
and giant ON/OFF ratio. The underlying physics is to introduce
resonant tunneling (RT) by forming a quantum well and to shift
resonance peak close to the Fermi level. The switching between
the direct tunneling (DT) and RT under different polarization
direction leads to an enhanced TER effect.
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1. INTRODUCTION

Ferroelectric tunnel junctions (FTJ) have attracted great
attention as novel nonvolatile memory devices [1], especially
due to the discovery of the CMOS-compatible ferroelectric
(FE) hafnium oxide (HfO,) [2]. The basic working principle
of the ON/OFF tunneling electroresistance (TER) in FTJ is
controlled by ferroelectric polarization switched by electric
field. The carrier transport across the nanometer-thick FE film
is governed by quantum-mechanical tunneling [3]. Up to now,
the FE-HfO, based FTJs including MFM, MFS, MFIM and
MFIS structures are mainly based on the directing (DT) or
Fowler-Nordheim (FN) tunneling mechanisms [4],[5],[6].
However, these single-barrier or bilayer-barrier FE-HfO,
FTJs inevitably suffer from the compromise between the ON-
current (Jon) and ON/OFF ratio (i.e. TER ratio). Even using
the asymmetrical FE-DE (such as SiO; or Al,O3 DEs) bilayer
barrier, it is still hard to satisfy the requirements of Jon and
ON/OFF ratio for large array application[7]. Besides the DT
and FN, another mechanism that is not explored enough is the
resonant tunneling (RT) [8]. We have recently proposed
asymmetric barrier-well-barrier (three-layer) based resonant
FTJ, where a low-barrier DE such as Ta,Os is inserted
between two barriers to introduce the RT [9],[10]. In this
work, we propose that the bilayer-barrier FTJ with sufficient
thick low-barrier DE are also able to form a quantum well
under only one polarization direction, which achieves a switch
between DT and RT under reversed polarization direction and
leads to an enhanced TER effect.

II. SIMULATION METHOD

Fig. 1 shows schematics of bilayer FE-HfO, FTJ devices
using high-barrier SiO, and low-barrier Ta,Os as interfacial
dielectric. Symmetric top (TE) and bottom electrode (BE) is
assumed using TiN, as we focuses on the FE-DE bilayer-
barrier engineering. Fig. 2 shows the simulation framework
that consists of two parts. The first part is self-consistent
potential calculation. The bias voltage V, drops across the TE
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Fig. 1 Schematics of FE-DE bilayer FE-HfO, FTJ devices using (a) high-
barrier SiO, and (b) low-barrier Ta,Os as interfacial dielectric. Symmetric
top and bottom electrode is assumed using TiN.
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Fig. 2 Simulation framework consists of two parts: self-consistent calculation
of electrostatic potential and current density calculation.

and BE (Vi and Vip), interfacial dielectric (ViL), and
ferroelectric (Vee). The metal screening effect is considered
by Thomas-Fermi model. The FE polarization is descripted by
Preisach model. The second part is current density calculation.
The transmission coefficient (TC) is obtained by transfer
matrix method (TMM) to get resonant tunneling. The supply
function N of electrons is obtained based on Fermi-Dirac
distribution. Then current density J is calculated by Tsu-Esaki
formula based on the integral of TC multiplying N (TCxN)
versus electron energy E. The FE thickness Tre is set as 4 nm,
and permittivity of FE-HfO,, SiO- and Ta,Os are set as 25, 3.9
and 25 respectively. The screening lengths of TiN are set as
0.5 A. All the remaining parameters used in the simulation are
consistent with [9],[10]. Physical model calibration with
experimental I-V curves of FTJs is shown in [9].
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Fig. 3 Band diagrams of (a) HZO/SiO, and (b) HZO/Ta,0s based FTJ with
read voltage of 0.2V under ON and OFF states. A quantum well with confined
states is formed only at ON state. The EOT of interfacial layer is set as 1 nm
(i.e., Ty is Inm for SiO,, and 6.4nm for Ta,Os), so that the FE films are
affected by the exactly identical Eqcp, as shown by the totally overlapped band
diagrams cross FE film in the insert of (a).

III. RESULTS AND DISCUSSION

A. Carrier Transport Properties

Fig. 3(a) and (b) show the band diagrams of HZO/SiO, and
HZO/Ta,0s based FTJ with read voltage of 0.2V under ON
and OFF states. In both cases, the average barrier height is
lowered (raised) at ON (OFF) state, when FE polarization
points towards the BE (TE). At ON state, a quantum well
(QW) with confined states is formed at the lower one of
bilayer barrier. That is to say, the QW is located in the FE
layer in HZO/SiO, stack, whereas it is in the DE layer in
HZO/Ta,0s stack. To fairly considering the effect of DE
barrier engineering, the EOT of interfacial DE layer is set as
1 nm (i.e.,, Tie is Inm for SiO,, and 6.4nm for Ta,Os
respectively), so that the FE films are affected by the exactly
identical depolarization field Eqep, as shown by the totally
overlapped band diagrams cross FE film in the insert of (a).
Moreover, there is only one quasi-bound state in HZO/Si0O,
stack, and the corresponding confined energy € is far away
from the Fermi energy Er at the cathode. In contrast, there are
four quasi-bound states in HZO/Ta,Os stack, and the
corresponding confined energies are much closer to the Er
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Fig. 4 (a) Related TC-E curves, where carrier transport by DT and RT is
labeled. The electron tunneling with energy exceeding a certain range (~0.95
eV at 300 K) is negligible with the assumption of Fermi-Dirac distribution.

(b) Related TCXN-E curves within 0.95 eV, where the resonance energy
levels E,, correspond to quantized energy levels €, as shown in Fig. 3.

0.2

due to the low barrier height of Ta,Os. Therefore, the QW in
bilayer stack can be appropriately modulated by engineering
the DE layer though film thickness and barrier shape.

Fig. 4(a) shows the related TC-E curves, where carrier
transport by DT and RT is labeled depending on the
polarization direction and electron energy. For HZO/SiO,
stack, the carrier transport is almost dominated by the DT
process. The carriers with low E tunnel across both HZO and
SiO; layers. As E increases, carrier tunnel across SiO; only.
Note that there is a weak TC resonance peak around 1.25 eV
at ON state arising from the shallow QW as shown in Fig.
3(a). For HZO/Ta,Os stack, the carrier transport with high E
is dominated by DT across the HZO layer at both ON and
OFF states. However, when E is low, there is a switching
between the DT and RT depending on the polarization
direction. At OFF state, carrier transport is dominated by DT
across both HZO and Ta,Os layers. In contrast, at ON state,
carrier transport is dominated by RT. Particularly, the
resonance peaks in HZO/Ta,Os case are sharper and are
located lower in energy, compared with HZO/SiO case.

Fig. 4(b) show the related TCxN-E curves that determine
the current density, where the resonance energy levels Eres,
correspond to quantized energy levels €,. Note that the
electron tunneling with energy exceeding a certain range
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Fig. 5 (a) Current density and (b) TER ratio versus V, in two FTJs with IL
EOT of Inm. (c) Band profiles and related TC curves for ON-state
HZO/Ta,0s based FTJ at V, 0of 0.56 V and 0.88 V respectively.
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[~0.95 eV at 300 K based on carrier supply function N in (7)
in Fig. 2] is negligible because the high-energy tail is limited
due to Fermi-Dirac distribution. Therefore, TCXN-E curves
are plotted for E below 0.95 eV. Moreover, supply function
N decays exponentially with E. When E is close to Ef,
resonance-induced tunneling current will be larger due to a
larger number of carriers being supplied close to Er. From
Fig. 4(b), it is expected that the Jon and TER ratio in FTJs can
be significantly improved using HZO/Ta,0s stack compared

with HZO/Si0; stack, which will be revealed in the following.
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Fig. 6 (a) Current density, (b) TER ratio, and (c) Pg as a function of interfacial
DE thickness Ty at 0.2V.

B. Performance Comparison

Fig. 5(a) and (b) shows the current density and TER ratio
versus V, in two FTJs with EOT of 1 nm. Compared with
HZO/Si0,, Jon in HZO/Ta,0s based FTJ is greatly improved
benefiting from low barrier height and resonant tunneling,
whereas Jorr is markedly reduced due to the thick DE layer
suppressing the DT. Consequently, TER ratio of HZO/Ta»Os
based FTJ is improved by several orders of magnitude.
Besides, the negative differential resistance (NDR) effects
take place when the Er in the cathode aligns with €,, beyond
which Jon and TER ratio then suddenly drops. As shown in



Fig. 5(c), the first NDR takes place at 0.56 V, when Er aligns
with first confined-state energy level €; in the QW. The
second NDR takes place at 0.88 V, when Er aligns with
second confined-state energy level £, in the QW.

Fig. 6 shows the current density, TER ratio, and
ferroelectric polarization Prg as a function of T at 0.2V
respectively. For HZO/Si0,, both Jon and Jorr is dominated
by DT, which are very sensitive to T due to high barrier of
Si0,. For HZO/Tay0s, two distinct conduction regions are
observed depending on Ty as divided by dash line in Fig. 6(a).
When Ty is thin, current and carrier behave similarly to that
of HZO/Si0,. When Ty is thick, Jon is dominated by RT
because resonance peaks are located close to Er. However,
Jorr is still dominated by DT, but is limited by Tr and almost
independent on Tr.. The reason is that carriers with energy of
0.6~0.9 V that tunnel through FE film only contribute most to
the current as seen in Fig. 4(b), while carriers with energy
below 0.6 eV that tunnel through both FE and DE film is
almost totally suppressed due to the wide tunneling thickness.
Moreover, Prg in HZO/Ta,0Os is slightly larger, meaning that
Eqep 1s smaller benefiting from high permittivity of Ta;Os.

IV. CONCLUSION

Device performance of bilayer-barrier FE-HfO, FTJ can
be engineered by selecting different interfacial dielectrics,
depending on the tunneling barrier height, barrier thickness
and barrier shape. The HZO/SiO, FTJ suffers from a serious
tradeoff between Jon and TER ratio, because high-barrier SiO,
leads to reduced current density. In contrast, HZO/Ta,Os FJT
shows simultaneous improvement of Jon and TER ratio,
originating from the resonant tunneling induced by thick and
low-barrier Ta;Os quantum well. The switching between the
direct tunneling and resonant tunneling under reversed
polarization direction leads to an enhanced TER effect,
making resonant FTJ suitable for large array circuits.
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