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Abstract: Ferroelectric (FE) Hf1−xZrxO2 is a potential candidate for emerging memory in artificial
intelligence (AI) and neuromorphic computation due to its non-volatility for data storage with
natural bi-stable characteristics. This study experimentally characterizes and demonstrates the FE
and antiferroelectric (AFE) material properties, which are modulated from doped Zr incorporated
in the HfO2-system, with a diode-junction current for memory operations. Unipolar operations on
one of the two hysteretic polarization branch loops of the mixed FE and AFE material give a low
program voltage of 3 V with an ON/OFF ratio >100. This also benefits the switching endurance,
which reaches >109 cycles. A model based on the polarization switching and tunneling mechanisms
is revealed in the (A)FE diode to explain the bipolar and unipolar sweeps. In addition, the proposed
FE-AFE diode with Hf1−xZrxO2 has a superior cycling endurance and lower stimulation voltage
compared to perovskite FE-diodes due to its scaling capability for resistive FE memory devices.

Keywords: ferroelectric; antiferroelectric; HfZrO2

1. Introduction

High-density and low-power consumption devices are in high demand for the en-
ablement of artificial intelligence/machine learning (AI/ML) and neuromorphic compu-
tation [1]. The development of traditional memory technologies satisfies the well-known
‘memory wall’ problem [2]. Various emerging non-volatile memory (NVM) technologies
have been proposed to solve this problem because of their high density, low power, fast
access speed, low latency, non-volatility, etc. [3]. Such NVM technologies include resistive
random-access memory (RRAM), phase-change memory (PCM), ferroelectric Field-Effect
Transistors (FET), and capacitors [4–10]. Among them, ferroelectric Hf-based oxides have
been given wide attention for applications such as negative capacitance (NC) FETs, non-
volatile FeFET, 3D ferroelectric capacitors, ferroelectric diode, and ferroelectric tunnel
junctions (FTJ) [11–26].

Resistive ferroelectric-based memory has attracted great interest for memory devices
due to its non-volatility for data storage, non-destructive readout, and high switching
speed [27–30]. The metal/ferroelectric/metal (MFM) structure of resistive ferroelectric
capacitors (FeCAPs) is composed of a ferroelectric (FE) thin film sandwiched between
two metal electrodes. Two non-volatile resistance states, the low-resistance state (LRS)
and the high-resistance state (HRS), can be programmed by applying pulse voltages with
opposite polarities to modulate the polarizations in FE films. The FeCAP currents con-
stitute several current mechanisms, including the tunneling current, ferroelectric current,
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and capacitive current. The tunneling probability of the diode is dictated by the oxide
thickness and the applied voltage. The displacement charge exchange of ferroelectric
dipole switching and paraelectric capacitance is induced from an E-field sweep.

Furthermore, anti-ferroelectric (AFE) Hf1−xZrxO2 (HZO) is reported to provide a faster
switching speed for polarization and a higher fatigue resistance than FE HZO under bipolar
electrical cycling [31–33]. In addition, lead zirconate titanate (PZT)-based AFE materials
applied with a unipolar voltage were reported to show unipolar polarization-electric field
(P-E) hysteresis loops [34]. Recently, an FTJ with AFE PbZrO3 was reported to have a
high tunneling electroresistance with the potential for low-power and high-performance
electronic devices [35]. The unipolar hysteresis loop for AFE-HZO with built-in bias by
work function difference of electrodes was used in anti-ferroelectric random-access memory
(RAM) to achieve an endurance of more than 109 cycles, which is higher than ferroelectric
RAM [36].

In this work, the mechanism and performance of the (A)FeCAP junction current is
discussed with Hf1−xZrxO2 from the FE-type to the AFE-type. The Hf:Zr ratio is adjusted
to modulate the ferroelectric orthorhombic (o) phase for the type transitions. The current
operational mechanism for the AFE diode with one of these two hysteretic branches is
discussed, while the high ratio of the HRS/LRS and switching endurance are demonstrated.
The CMOS process compatibility and scaling capability of Hf1−xZrxO2 enable emerging
memory applications for AI and neuromorphic computation devices.

2. Materials and Methods

A 50 nm TiN is deposited on an N+-Si substrate as the bottom electrode (BE). Then,
HZO films are deposited on TiN using atomic layer deposition (ALD) at 250 ◦C and
controlled by repeatedly varying the ALD cycle ratios for HfO2 and ZrO2, whose precursors
are Tetrakis(dimethylamino)hafnium (TDMA-Hf) and Tetrakis(dimethylamino)zirconium
TDMA-Zr, respectively. The oxidant gas H2O is inserted between each cycle of HfO2
and ZrO2. A 50 nm TiN top electrode (TE) is covered on the previous HZO layer using
a sputtering system. The HZO is crystallized after rapid thermal annealing (RTA) in
ambient Ar at 500 ◦C for 1 min. The FeCAP diode shows the sandwich structure of
TiN/HZO/TiN and HZO with a thickness of 10 nm and the crystallization of HZO after
annealing as validated using transmission electron microscopy (TEM) (JEOL USA Inc.,
USA), as shown in Figure 1a,b. Figure 1c shows the energy dispersive spectroscopy (EDS)
of TiN/HZO/TiN. The elements and thicknesses agree with the nominal condition of
device fabrication. Figure 2a shows the schematic diagram of the measurement setup,
where the input voltage has DC, AC, and pulse mode, and Figure 2b shows the device
pattern for measurement by optical microscope. In this work, the HfO2:ZrO2 cycle is
nominally 1:1, 1:3, and 1:9, and the atomic composition ratios are confirmed using X-ray
photoelectron spectroscopy (XPS) for Hf:Zr of 15.6:15.8 ([Zr] = 50%), 7.7:22.7 ([Zr] = 75%),
and 3:27 ([Zr] = 90%), respectively, as shown in Figure 3. The Hf:Zr in HZOs from the XPS
agrees with the nominal cycle ratio.

The crystalline phase of HZO after RTA is confirmed using grazing incidence X-
ray diffraction (GIXRD), as presented in Figure 4. The orthorhombic (o) and tetragonal
(t) phases are believed to locate at 30–31◦, while the cubic (c) phase is neglected as its
formation temperature is above 1000 ◦C, which is far higher than the RTA temperature
in this study [37]. The ratio of the o:t phase is extracted as 1:0.61, 1:0.81, and 1:1.72 for
[Zr] = 50%, 75%, and 90%, respectively, by fitting the peak at 30–31◦. A higher t-phase
and lower ferroelectric o-phase are observed with increasing amount of doped Zr in HfO2
in the HZO system [38]. Moreover, the crystalline grain size is revealed by the Scherrer
equation, where a smaller full width at half maximum (FWHM) indicates an enhanced
crystallinity [39]. The grain sizes of HZO with [Zr] = 50%, 75%, and 90% are similar at 7.6,
7.8, and 8.0 nm, respectively.
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Figure 1. (a) Cross-sectional HR-TEM image of the TiN/HZO/TiN stack, (b) magnified of stack structure to enlarge and 

identify the HZO thickness 10 nm and the polycrystalline morphology after annealing. (c) EDS of TiN/HZO/TiN. The 

elements and thicknesses agree with the nominal condition of device fabrication. 

 

Figure 2. (a) The schematic diagram of the measurement setup, where the input voltage has DC, 

AC, and pulse mode. (b) The device pattern for measurement by optical microscope. 
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Figure 1. (a) Cross-sectional HR-TEM image of the TiN/HZO/TiN stack, (b) magnified of stack structure to enlarge and
identify the HZO thickness 10 nm and the polycrystalline morphology after annealing. (c) EDS of TiN/HZO/TiN. The
elements and thicknesses agree with the nominal condition of device fabrication.
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Figure 2. (a) The schematic diagram of the measurement setup, where the input voltage has DC, AC,
and pulse mode. (b) The device pattern for measurement by optical microscope.
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Figure 3. The XPS of the HZOs for Hf:Zr at 15.6:15.8 ([Zr] = 50%), 7.7:22.7 ([Zr] = 75%), and 3:27
([Zr] = 90%). The Hf:Zr in the HZOs spectra agrees with the nominal ALD cycle ratio.
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Figure 4. The grazing-incidence XRD (GIXRD) pattern of the HZOs for the [Zr] = 50%, 75%, and 90% diodes. The ratios of
the o:t phases are extracted as 1:0.61, 1:0.81, and 1:1.72, respectively, by fitting the peak at 30–31◦.

3. Results
3.1. Junction Current Composition of FeCAPs

The junction current (Itot) characteristics are composed of the mechanisms for the
ferroelectric-based dipole (IFE), capacitance displacement (IC), and tunneling-based current
(ITun), which are given as

Itot = IFE + ITun + IC (1)

IFE = A
dPFE

dt
(2)

IC = AC
dV
dt

(3)

ITun = A
4πme f f q

h3

∫ Emax

Emin

T(Ex)N(Ex)dEx = IDT + IFN (4)

where IFE and IC are the time-dependent ferroelectric-based polarization current and
the capacitance current, respectively [40]. The tunneling component is based on the
Wentzel–Kramers–Brillouin (WKB) approximation, where T(Ex), N(Ex), meff and h are the
transmission coefficient, the supply function, the effective mass, and the Planck constant,
respectively [41]. The tunneling mechanism mainly involves the direct tunneling (IDT) and
the Fowler–Nordheim tunneling (IFN). The modelling and schematic band diagrams for
the current composition of HZO with [Zr] = 50% are shown in Figure 5a,b, respectively. For
the small applied voltage, the electron transmission probability of direct tunneling is quite
small due to the comparatively thick HZO (10 nm). The ferroelectric-based current would
dominate this region, which is caused by the polarization dipole switching with the bias
gradually increasing, as shown in Figure 5b. Once the large voltage is applied, the severe
band bending contributes to the electron transmission probability by Fowler–Nordheim
tunneling and leads to ITun domination, as shown in Figure 5b. Note that the capacitance
displacement current is ignored due to it being relatively small in comparison with the
other two components [40].

In order to characterize the ferroelectric-based current and suppress the non-ferroelectric
polarization current, i.e., eliminate the tunneling current, the (A)FeCAPs are operated on
fast AC triangle wave with a period of 1ms. Figure 6 shows the ferroelectric polarization
current. The orthorhombic phase and the switchable dipoles of AFeCAPs are decreased,
which leads to a decrease in IFE with high Zr composition. Note that the cross points of
Figure 6b indicate the equal of the positive and negative currents in Figure 6a, which is
the balance bias toward the dipoles gradually switching. In this work, the base voltage for
subsequent operation of memory characteristics is according to this concept. For the LRS,
the polarization dipole switching contributes to the high IFE response. In contrast, HRS
exhibits the low ferroelectric current with dipole non-switching.
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Figure 5. (a) Modelling and (b) schematic band diagrams for the current composition of HZO with [Zr] = 50%. The Itot is
composed of the low ITun and the high ITun for the small and large bias, respectively.
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Figure 6. The AC-based ferroelectric polarization current of (A)FeCAPs for (a) raw data, and (b) the absolute value
(amplitude only). The orthorhombic phase and the switchable dipoles of (A)FeCAPs are decreased with Zr composition
enhancement that causes the IFE to be decreased under bipolar operation.

3.2. Dipole Switch Characteristics of (A)FeCAPs by Bipolar Bias

Figure 7a,b shows the hysteresis loop (P-V) and junction current–voltage (I-V) charac-
teristics for HZO (A)FeCAPs, and pure HfO2, respectively, under bipolar bias operations
for the [Zr] = 0%, 50%, 75%, and 90% diodes with a double sweep (−3 to 3 V and back to
−3 V). The P-V and I-V of the pure HfO2 (Zr = 0%) with non-ferroelectric show a typical
paraelectric behavior. The FeCAP ([Zr] = 50%) has the highest remnant polarization (Pr),
compared with the AFeCAPs ([Zr] = 75% and 90%), in Figure 7a. The Pr and the saturation
polarization (Ps) with [Zr] = 75% are slightly higher than [Zr] = 90% due to the partial
o-phase. The P-V of AFeCAPs ([Zr] = 75% and 90%) has double hysteresis loop branch
characteristics, which have multiple peaks in the I-V curves of Figure 7b due to multiple
stages of gradual polarization.
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Figure 7. The HZOs with the [Zr] = 0%, 50%, 75%, and 90% diodes for the double bipolar sweep
(−3 V to 3 V and back to −3 V) for the (a) P-V and (b) I-V characteristics.

3.3. Dipole Switch Characteristics of (A)FeCAPs with Unipolar Bias

Figure 8a,b show the P-V and junction current–voltage (I-V) characteristics of the HZO
diodes under unipolar bias operation for [Zr] = 50%, 75%, and 90% with a double sweep
(−3 to 0 V and back to −3 V). The [Zr] = 50% diode exhibits nearly paraelectric behavior
with no polarization switching in the unipolar operational range (0 to −3 V) in Figure 8a.
In contrast, the other two diodes at [Zr] = 75% and [Zr] = 90% under unipolar operations
preserve one of the branches of its double hysteresis loop. Similarly, the I-V curves for
[Zr] = 75% and [Zr] = 90% have FE characteristics under unipolar operations in Figure 7b.
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Figure 8. The HZOs with the [Zr] = 50%, 75%, and 90% diodes for the unipolar sweep (−3 V to 0 and back to −3 V) for the
(a) P-V and (b) I-V characteristics. The [Zr] = 75% and [Zr] = 90% for the AFeCAPs exhibit the “typical” ferroelectric behavior
with unipolar operation. There is paraelectric behavior for [Zr] = 50%. The much higher polarization and ferroelectric-based
current are obtained for AFE diodes with unipolar operation.

3.4. Memory Characteristics of (A)FeCAPs by Program/Erase Pulse Stimulation

To apply the (A)FE junction current for memory applications, read-out from sensing
the current sampling measurements with the program/erase (P/E) pulse stimulation is
performed. Figure 9a,b shows the ON and OFF currents under bipolar operations for
the [Zr] = 50% and [Zr] = 75% diodes. Figure 9c,d presents unipolar operations for the
[Zr] = 75% and [Zr] = 90% diodes with various VP/E. The pulse sequences for the read
and write (program/erase) operations are illustrated. For bipolar operations of a simple
FE diode, the VP/E is applied to switch the polarization and set the LRS (VP/E > 0) or
HRS (VP/E < 0) states when reading the negative interval. A small read voltage of −0.6V
is chosen to avoid distorting the stored state, which is smaller than the coercive voltage.
In Figure 9a,b, the [Zr] = 50% diode exhibits a higher ON/OFF current ratio due to the
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stronger polarization (Figures 6b and 7b) compared with [Zr] = 75%. However, [Zr] = 75%
and 90% diodes are like volatile memory that is not suitable for bipolar operations.
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Figure 9. The ON and OFF currents under bipolar operation for the (a) FE diode [Zr] = 50% and (b) FE-AFE diode [Zr] = 75%,
and unipolar operation for the (c) FE-AFE diode [Zr] = 75% and (d) AFE diode [Zr] = 90% with various VP/E. The results
agree with the current sweep (c,d), and indicate that the FE-AFE mixture of [Zr] = 75% is conducive as a high current ratio
to enhance memory state discrimination.

For unipolar operations, a constant base voltage (Vbase) is needed to retain the infor-
mation of the AFeCAPs, and the write voltage VP is applied to switch the polarization to
the LRS (VP < 0) or HRS (VP = 0) state. Note that, the base voltage corresponds to the cross
points in Figure 8b, and the base voltage of [Zr] = 75% and 90% are −1 V and −1.3 V, respec-
tively. The read voltage is set to 0.6 V (|Vbase-Vread|) to avoid distorting the stored state. A
larger current ratio for the [Zr] = 75% diode between the HRS and LRS states under unipolar
operations is observed in Figure 9c,d compared with the [Zr] = 90%. Note that the constant
|Vbase-Vread| for all measurements (both bipolar and unipolar operation) is applied to
control the same read condition. Since the coercive voltage of unipolar-based [Zr] = 75% is
smaller than that of bipolar-based [Zr] = 50%, the ferroelectric current ratio of the former
is larger than the latter. The results agree with the current sweep (Figures 6b and 8a,b),
which indicates that the FE-AFE mixture for the [Zr] = 75% is conducive for high current
ratios to enhance the memory state discrimination. Furthermore, unipolar operation also
benefits a reduced operational voltage range, i.e., ∆VP/E = 6 V (bipolar) to 3 V (unipolar),
which indicates an effective improvement on power consumption.

3.5. Memory Reliability of (A)FeCAPs

Another advantage of unipolar operations is an improved switching endurance.
Figure 10a–c shows the switching endurance characteristics for the [Zr] = 50% diode under
bipolar operations, and the [Zr] = 75% and [Zr] = 90% diodes under unipolar operations,
respectively, with a cycle number that approaches 109. The measurement sequences for
each device illustrate that the VP/E is higher than the Vc to switch the dipoles and set the
HRS or LRS. A small Vread of 0.6 V is applied to avoid distorting the stored state. Note
that the ferroelectric current in the sampling of [Zr] = 90% is lower than [Zr] = 75% due
to polarization magnitude in Figure 8a. The simple FE diode ([Zr] = 50%) under bipolar
switching degraded significantly after 107 cycles of AC switching stress. Unipolar opera-
tion of the AFeCAPs shows a superior endurance, especially for [Zr] = 75%, which exhibits
no obvious degradation up to 109 cycles. The fatigue mechanisms of ferroelectric layer are
attributed to polarization degradation with domain pinning and/or nucleation inhibition
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for switch cycling [42]. The oxygen vacancies at the interface between the HZO and the
TiN electrode benefit the t-phase stability, i.e., suppress the m-phase formation [33,43]. The
excessive oxygen vacancies accumulation would lead to a breakdown via strong interac-
tions between the individual vacancies [44]. The unipolar operates in a single parity to
improve the effect of charged defects or injected charges as compared with the bipolar
operation. Therefore, the AFeCAPs ([Zr] = 75% and 90%) with the unipolar operation
exhibits not only reducing the operating voltage but also endurance improvement. Note
that higher base voltage of [Zr] = 90% makes a significant fatigue effect as compared
with [Zr] = 75%. Compared with the performance of prior arts, unipolar operations and
low VP/E are advantageous for the proposed FE-AFE ([Zr] = 75%) diode and result in a
high switching endurance of >109 cycles. Table 1 shows the benchmark comparison of the
characteristics of other resistive ferroelectric memory devices, perovskite FE-diodes from
Refs. [24–26]. Ref. [25,26] had reported >105 and ~104 times of the ON/OFF ratio by a
depletion/accumulation charge in IGZO and 3D-stackable with self-selective, respectively.
Therefore, the ferroelectric HfO2-based material has potential toward a high ON/OFF ratio.
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Figure 10. The endurance characteristics of the diodes for (a) [Zr] = 50% under bipolar operations, and (b) [Zr] = 75% and
(c) [Zr] = 90% under unipolar operations. Unipolar operations for the AFE diodes show superior endurance, especially
the [Zr] = 75%, which exhibits no obvious degradation up to 109 cycles. The FE diode with bipolar switching degraded
significantly after 107 cycles of AC stress.

Table 1. Benchmark of the comparison with prior arts for resistive ferroelectric diodes, perovskite FE-diodes for Refs. [24–26].
The unipolar operation and low VP/E are advantages of the proposed FE-AFE diode and result in high switch endurance of
>109 cycles.

Reference This Work [24] [25] [26]

Material FE-AFE HZO FE-BFO FE-HZO/IGZO FE-HZO
Thickness (nm) 10 170 7/5 10

VP/VE –3 V/0 V +8 V/–8 V +3.3 V/–3.2 V +9.5 V/+5.9 V
|Vbase-Vread| 0.6 V 4 V 2 V 2 V

ION/IOFF >100 ~5 ~3 × 105 ~10,000
Endurance (cycles) >109 NA ~109 >109
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4. Conclusions

The FE and AFE diodes under bipolar and unipolar operations are characterized
by their current mechanisms. The Hf:Zr ratio is adjusted to modulate the ferroelectric
o-phase for the FE-type to AFE-type transition. The [Zr] = 75% diode for the HZO with a
mixed o-phase and t-phase provides unipolar operational capabilities within one of the
two hysteretic polarization branches and reduces the program voltage. This provides high
endurance >109 cycles and has a high ON/OFF ratio > 100x under low-voltage operation
(0 V to −3 V). The results show that AFE materials are promising for resistive switching
memory devices for AI/ML applications.
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