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Abstract—In this work, we conduct an in-depth study of
stacking engineering utilizing HfO: and ZrO: layers to enhance
the performance and reliability of HfO:-based ferroelectric
(FE) devices, achieving significantly reduced leakage current
density (Jieakage). Through first-principles calculation and
experimental validation, the Jicakage-lowering mechanisms in
stacking-engineered FE HfO:-ZrO: films are elucidated. Our
analysis reveals the phase stability and oxygen vacancy (Vo)
formation energy under in-plane tensile strain induced by
electrodes. Furthermore, we propose a novel stacking strategy
employing superlattice (SL) structures and interface layers (IL)
in HfO2-ZrO: films to effectively suppress leakage pathways
along grain boundaries and interfaces. Implementing this
approach, we achieve a tenfold reduction in leakage current
density. This work provides fundamental insights into the
physical mechanisms of stacking engineering and offers
valuable guidance for process optimization in FE HfO:-ZrO:
films.
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I. INTRODUCTION

The discovery of ferroelectricity in HfO2-based materials
attracts paramount interest with their robust ferroelectricity
and excellent compatibility with complement-metal-oxide-
semiconductor (CMOS) technology [1-2]. These advantages
make ferroelectric (FE) HfOa-based thin films promising
candidate for the high-efficiency and low-consumption 3D-
integration Non-volatile Memories (NVMs) [3]. But high
leakage current density (Jieakage) induced by high defect
concentration, especially oxygen vacancy (Vo), at the
interface and grain boundaries limits their scalability and
energy efficiency in practical applications [4]. Aiming to
address this issue, various engineering strategies are
conducted. For example, Wang et al. utilize electrode-
oxygen synergy to diminish oxygen vacancy concentration
and impede metal diffusion [5]; Tai et al. introduce atom-
layer doping to interrupt grain boundaries [6]; and Hsain et al.
explore an interfacial engineering strategy to provide excess
oxygen [7]. However, these strategies introduce extra
elements or complicate the process, hindering their
compatibility with 3D integration. In contrast, stacking-
engineering strategies, such as the utilization of superlattice
(SL) and interface layer (IL), have emerged to improve the
leakage-related reliability without complicating the process
flow [8-9]. But the underlying physical mechanism remains
unclear.

In this work, we investigate the physical mechanism
behind stacking engineering in FE HfO2-ZrO: thin films
from the aspect of Jiakage suppression. First-principles
calculations are conducted to analyze the phase stability and

Vo defect formation probability in HfO2 and ZrO». The FE
orthorhombic phase is found more energetically favorable
than that in ZrO2, while lower formation energy (Efr) of Vo
reveals higher defect concentration in the Zr rich thin films.
Furthermore, the in-plane tensile strain from the electrode
mainly applied to the crystal lattice of HfO2-ZrO> thin films
during the Rapid Thermal Annealing (RTA) process is
considered [9]. After applying strain, Efr of Vo in ZrO:
declines while that remains unchanged in HfO», which may
deteriorate the Jieakage in Zr-dominated regions. Based on the
physical insight, we propose three principles for stacking
engineering that incorporates both SL and IL using intrinsic
HfO, and ZrO: layers. Experimental verification confirms
the feasibility of this approach: Jieakage €xperiences a 90%
reduction (4.43x10* to 4.35x10°A/cm?) from the baseline
device.

II. FIRST-PRINCIPLES CALCULATIONS

The physical properties of pure-HfO2, pure-ZrOo,
superlattice HfO»-ZrO», solid-solution (SS) Hfo.5Zr050:2
(HZO) and interface are discussed through first-principles
calculation. The atomic structures can be referred to our
previous work [10]. All simulations are performed with the
QuantumATK platform [11]. The Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation (GGA) density
functional and SGI15 Optimized Norm-Conserving
Vanderbilt pseudopotential (ONCVPSP) is used for all
calculations.

A. Phase Stability in Slab Model

Since the ferroelectricity of HZO is observed in thin
films instead of bulks, surface energy is considered [12].
Following the reported model [13], the slab model is built
with 6 unit cells along the polarization direction, and the
central 4 unit cells are fixed during the relaxation. In-plane
tensile strain is applied directly on the lattice by enlarging
lattice constants along A and B axis of (100) plane. Then the
surface energy (%) is calculated as the below equation:

% = (Estab —npmpo2) 12A )

here, Esiav and pmpo2 are the total energy of the slab and the
HfO, formula unit of the fully relaxed bulk. » is the number
of formulas in the slab structures, and 4 is the surface area.

As shown in Fig. 1 (a) and (b), AB-biaxial tensile strain
reduce the surface energy difference between FE
orthorhombic (O) phase and monoclinic (M) phase, while
excessively large strain results in a phase transition to the
centrosymmetric paraelectric (Para) phase with a space group
of Pbcn. This phase transition will destroy the ferroelectricity
and abnormally increase the surface energy. It’s noted that O
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Fig. 1. Surface energy of orthorhombic (O), monoclinic (M) and tetragonal
(T) phase under in-plane tensile strain in (a) HfO2 and (b) ZrO.. (c) Bandgap
of bulk HfO; and ZrO, accompanied with strain induced Fe-Para phase
transition. (d) Defect formation energy of Vo in HfO2 and ZrO». (The grey
edges represent different bandgap of these two materials.)

phase is stabilized in ZrO2 under large strain of 3%, different
from the phase transition occurring in HfO,. This
stabilization effect allows a further decline of surface energy
from 0.70 to 0.35 J/m? in ZrO2. Moreover, this trend is also
demonstrated by the changing of bandgap as illustrated in
Fig. 1 (c), which implies detriment to the endurance and
breakdown performance as charge injection [14]. As a staged
conclusion, Zr dopant is beneficial to O phase crystallization,
improving performance of FE devices with HfO»-based thin
films.

B. Vo Formation

The Vo in HZO plays a critical role in the regulation of
ferroelectricity  consisting remanent polarization (Py),
coercive field (Ec), cycling endurance and leakage current by
influencing the crystal phase proportion and pinning the
domain walls [15]. Accordingly, the Efor of Vo is calculated
in the supercell structures of HfO2, ZrO», superlattice HfO»-
ZrO2 and solid-solution HZO , and the hybrid functional is
used to reach a reasonable bandgap. And the Efr of a Vo
defect in charge state g is expressed as:

Eor = Eot (q) — Eiot (perfect) + pio +q (&r + gvam) + Ecorr  (2)

where Ewi(q) and Eiw(perfect) are total energies of supercells
with and without the charged point defect, respectively, and
gr is the Fermi level energy respect to the valence-band
maximum (&vam). po is the oxygen chemical potential and
Ecorr is the correction term.

Pure HfO: and ZrO> show obvious difference in Efor of
neutral Vo as shown in Fig. 1 (d). It indicates larger Vo
concentration in ZrOa. Furthermore, to examine strain effects,
we apply AB-axis tensile strain until 0.67% above the phase
transformation strain for HfO2 (2.67%) and ZrO: (3.33%),
and evaluate its influence on Vo formation. And exhibited in
Fig. 2, downward trend for Efr of both three-coordination
vacancy (Vomr) and four-coordinate vacancy (Vorv) confirms
poorer Vo tolerance of ZrO», especially when electrodes
which provide large strain are used. This discovery comes to
the conclusion that excess Zr ratio may damage the reliability
of HfO:-based FE devices, especially, accelerating the
deterioration of Jicakage.
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Fig. 2. Formation energy of Vom and Vorv with charge states from -2 to 2
in (a) and (c): HfO»; (b) and (d): ZrO,. The arrows indicate its changing
trend when in-plane tensile strain is applied.

A b | P ne P ne ;8'0 [ Superiattice ,——--, | Solid
A 8 ? Layer 10-0-0, | Solution
ﬁ;‘}“ﬁ, ) ¥ “z?"*{ e =75 A4, Layer
NL_SYS SV 6%9 SVIN- |
%7 93 { 3 A B a / \ 1 | vousmz
) e 70k o .I 0O Vou-Hzz
b 0.9, i \ [®HfO, | 19 .
s (AP a w
= 65 / m Yor
© O-( ,_O/ -0-Vo, HHZZ
M
g A-A-A'-A-vo,, Hollow:
c 6.0 -@-4%AB VO, | Snstrained
’ o w 4%AB_VOy, | 4B
A S DAY,
O HfOZr@®@ 0

Fig. 3. (a) Atomic structures of SL HfO»-ZrO: (left) and SS (right) HZO. (b)
Inhomogeneity distribution of Vo formation energy within SL and SS under
unstrained and 4% AB tensile-strain conditions. The blue and grey arrows
represent changes of Vo formation energy in HfO» and ZrO: of SL after
applying strain. And the black represents that of SS.

To mitigate the Vo-induced reliability degradation,
superlattice HfO2-ZrOz is proposed previously different from
solid-solution HZO [8-9]. Nevertheless, the deep physical
mechanisms between superlattice HfO>-ZrO» and solid
solution HZO still no clear. Accordingly, the atomic
structures of superlattice HfO2-ZrO: and solid-solution HZO
are built in this work as shown in Fig. 3 (a). With unstrained
condition, different Efr (HfO2 layer > HfO2/ZrOz interface >
ZrO2 layer) in superlattice reveals inhomogeneity
distribution of Vo, reducing the growth of leakage paths
along grain boundaries and the pinning of domain walls. But
in the SS, the Efor is lower, making it easier for Vo formation.
What’s more, after 4% in-plane tensile strain applied, Efor in
superlattice HfO2-ZrO2 converges while it is further
decreased in solid solution HZO, emphasizing the advantage
of superlattice strategy of Jicakage SUppressing is addressed.

Based on these findings, three principles are proposed in
the stacking engineering to lower Jicakage in Zr-doped HfO>
FE thin films as following:

1) Ensure sufficient Zr content for stabilizing O phase
and enhancing Py;

2) Increase HfOs-layer thickness to
percolation along grain boundaries;

3) Suppress Vo generation at the electrodes/FE interface,
especially the bottom electrode (BE) interface degraded by
the ALD process [16].

reduce Vo



III. EXPERIMENTAL VERIFICATION AND DISCUSSION

Guided from the above theoretical analysis, 4 kinds of
samples with nano-thickness HfO2-ZrOz superlattice and IL
are designed for the experimental verification. For
comparation and sustain the ferroelectricity, the film
thickness is constrained to 10nm (except to sample #4 with
9nm) and the ratio of Hf and Zr is constrained to 1:1.

A. Device Fabrication and Measurement

The key process flow and device structures of FE
capacitors are shown in Fig. 4. Firstly, 40nm TiN BE is
sputtered on a Si substrate with 300nm SiO2, followed by
HfO,-ZrO: fabrication using ALD at 280°C with superlattice
and IL strategy. Then 40nm TiN top electrode (TE) is
sputtered and patterned (50umx50um) by lithography and
lift-off. Lastly, to meet the thermal budget requirements of
the back-end-of-line (BEOL) process, 60s RTA is conducted
at 400°C in nitrogen atmosphere. The HfO»-ZrO> film of 4
samples are designed as following flow: #1: 10-period
(0.5nm HfO2/ 0.5nm ZrO3) superlattice; #2: 5-period (Inm
HfO2 / 1nm ZrOz) superlattice; #3: Inm HfO> (BE IL), 4-
period (1Inm HfO: / 1Inm ZrOz) superlattice, 1nm ZrO2 (TE
IL); #4: 3-period (1.5nm HfO» / 1.5nm ZrO2) superlattice
(9nm total). All electrical measurements are executed using
Keysight B1500A. The Polarization-Electric field (P-E)
loops are measured using positive-up-negative-down (PUND)
pulse sweep to avoid the influence of leakage and
displacement interference. The frequency of reading and
cycling pulse is set to 4kHz.

B. Device Characteristic Analysis

The P-E loops of the four devices at wake-up stage (after
10° cycles) are shown in Fig. 5 (a). And Fig. 5 (b) displays
the evolution of Pr and Ec during the cycling process
extracted from the period of 10° to 107. During the cycling
process, device #3 possesses the largest 2P: max
(27.1uC/cm?), while device # 4 shows the minimum 2Py max
value of 21.5uC/cm?. And device #4 exhibits the weakest
wake-up effect, with Pr increasing only ~2uC/cm? compared
to over 6uC/cm? in the other devices. Its Ec evolution also
remains relatively stable. The suppressed wake-up behavior
is consistent with prior work on superlattice structures [8].
Furthermore, it is interesting to find that device #3 exhibits
minimal imprint field (Eimprin~0.06MV/cm @ 107 cycles).
These discoveries reveal that robust ferroelectricity could be
reached in intrinsic HfO2-ZrO: thin films without
introducing other doping elements.

As important indexes of device-reliability evaluation,
breakdown electric field (Esp) and Jieakage are measured, as
shown in Fig. 6. Fig. 6 (a) shows the time-zero dielectric
breakdown (TZDB) measurements. And the statistics of 15
devices per structure in Fig. 6 (b) reveals that increasing SL
thickness significantly improves Esp (17.4% improvement
from 3.89MV/cm to 4.57MV/cm). As for the Jiakage, the
measurement is executed under double waveforms of both
positive and negative voltage to eliminate polarization-
induced current components, as shown in Fig. 6 (c). Then
average Jieakage Of another 15 devices for each structure is
extracted at +£3MV/cm and plotted in Fig. 6 (d). The results
shows that the Jieakage is improve by superlattice stacking in a
tenfold reduction (from 4.43x10*A/cm? to 4.35x10°A/cm?)
at 3MV/cm. Under negative bias, the Jieakage is also decreased
to about 1/6. It’s notable that device #3 shows symmetric

Jieakage under positive and negative bias, which is attributed to
the HfO2 BE IL.

C. Physical Mechanism

The physical mechanism of the stacking engineering is
illustrated in Fig. 7. First, the asymmetry of Jieakage derives
from more Vo generation at BE/HfO2-ZrO: during the ALD
process [16]. When negative voltage is applied, more
electron injection induced interface leakage takes place at the
BE/HfO2-ZrO: interface due to the Vo trap levels near the
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Fig. 4. (a) Device structures and (b) process flow of #1: 0.5nm SL, #2: 1nm
SL, #3: 1Inm SL with 1nm IL, and #4: 1.5nm SL.
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middle of the bandgap as calculated in the Fig. 1 (c).
Accordingly, the utilization of BE IL achieves similar Jieakage
at positive and negative voltage in device #3. Second, in
addition to the interface defects, Jieakage also originates from
the leakage paths along grain boundaries in terms of the
previous researches [6]. Thicker superlattice layers suppress
the generation of Vo defects within the HfO2-ZrOz thin films
by high formation energy of Vo and its inhomogeneity
distribution in HfO2 and ZrOz layers. Therefore, the stacking
engineering with both superlattice strategy and IL strategy
reduces the Vo generation during the process flow and
enhances the reliability of intrinsic HfO2-ZrO: thin films.

IV. CONCLUSIONS

In this work, we investigate the physical mechanisms
underlying stacking-engineered HfO»-ZrO> FE films,
achieving significantly reduced Jieakage. First-principles
calculations reveal the phase stability and Vo formation
energy in HfO2 and ZrOz under in-plane tensile strain on the
(100) plane. Our results demonstrate that ZrO- preferentially
stabilizes the ferroelectric O phase but simultaneously
promotes Vo defect formation under strain. Furthermore, the
superlattice structure exhibits an inhomogeneous Vo
distribution, suppressing Vo formation more effectively than
solid-solution HZO. Guided by these theoretical insights, we
propose three design principles for stacking engineering and
experimentally validate their efficacy. By introducing a 1nm
HfO, BE IL, we achieve symmetric leakage current
characteristics. Moreover, 1.5nm HfO> / 1.5nm ZrO:
superlattice reduces Jieakage by an order of magnitude.
Combining first-principles calculation and experimental
verification, we elucidate the mechanism by which stacking
engineering mitigates leakage—via controlled Vo formation
at BE/HfO-ZrO: interfaces and grain boundaries. These
findings provide critical insights for optimizing low-leakage
HfO»-based FE memory devices.
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