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Abstract: In this work, we investigate the ferroelectricity of stacked zirconium oxide and hafnium
oxide (stacked HfZrO) with different thickness ratios under metal gate stress and simultaneously
evaluate the electrical reliability of stacked ferroelectric films. Based on experimental results, we find
that the stacked HfZrO films not only exhibited excellent ferroelectricity but also demonstrated a
high performance on reliability. The optimized condition of the 45% Zr proportion exhibited a robust
ferroelectric polarization value of 32.57 µC/cm2, and a polarization current with a peak value of
159.98 µA. Besides this, the ferroelectric stacked HfZrO also demonstrated good reliability with a
ten-year lifetime under >−2 V constant voltage stress. Therefore, the appropriate modulation of
zirconium proportion in stacked HfZrO showed great promise for integrating in high-performance
ferroelectric memory.
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1. Introduction

With the trend of technological development, concepts such as the Internet of Things
(IoT), artificial intelligence (AI), 5G (The fifth generation of mobile internet connectivity)
communication, and cloud computing are rapidly emerging, and the metaverse has at-
tracted much attention in recent years. Therefore, the demand for memory, which plays
a core role, has gradually increased. The requirements of the memory market look to bo
developing exponentially. Since the first half of 2020, a new type of working mode has pro-
gressively emerged. In view of the change in living and working habits, the stay-at-home
economy and working-from-home have also driven the growth of notebook computers and
mobile communications, resulting in a sharp increase in demand for chips. Ferroelectric
materials have been investigated for several decades [1]. Hafnium-oxide (HfO2)-based
ferroelectric materials are often investigated and proposed to replace the traditional fer-
roelectric perovskites, such as PbZrxTi1–xO3 and BaTiO3 [2–4]. Traditional perovskite
ferroelectric materials have some issues, such as poor scalability, being difficult to etch,
and causing environmental pollution of lead contamination, which affects the develop-
ment of ferroelectric materials and devices for the applications of low-power advanced
memory and intelligent computing. Compared with traditional ferroelectric materials,
HfO2-based ferroelectric materials have better remanent polarization and coercive electric
field. Moreover, compared with traditional ferroelectric materials, HfO2-based ferroelectric
materials are easier to conform with the surface during deposition, and are also compatible
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with standard semiconductor device technology. Thus, the production of HfO2-based
ferroelectric films using atomic layer deposition has already matured. To develop the tech-
nology, HfO2-based ferroelectric materials with thickness scaling have been investigated
based on complementary metal oxide semiconductor (CMOS) technology for logic and
memory device applications [5–8], due to their inherent advantages, such as low operation
voltage and CMOS compatibility. These advantages allow them to overcome unfavorable
obstacles originating from traditional perovskite ferroelectric material. Therefore, it is
considered a promising candidate for ferroelectric memory and neuromorphic computing
applications [9–13]. Since the ferroelectric properties of lightly Si-doped HfO2-based fer-
roelectric thin films were first reported in 2011, doped HfO2-based ferroelectric materials
have been extensively studied. It is generally accepted that ferroelectricity in HfO2 can
be obtained in a specific dopant concentration range, and its spontaneous polarization is
caused by the displacement of oxygen ions in non-centrosymmetric orthorhombic crystals.
The mechanical stress applied by the metal electrode and the subsequent thermal annealing
are also responsible for the phase transformation of the ferroelectric orthorhombic phase in
HfO2-based thin films. The related studies also pointed out that mechanical stress formed
by the top electrode and additional dopant incorporation into the HfO2 film can stabilize
the ferroelectric phase and simultaneously inhibit the formation of the non-ferroelectric
phase during ferroelectric annealing. For novel HfO2-based materials, the formation of a
non-centrosymmetric orthorhombic phase with ferroelectric properties can be achieved
by many methods, such as doping (Zr, Al, Sr . . . ) [14,15], thickness modulation [16,17],
capping layer [18–20], metal gate stress engineering [21–24], and formation of oxygen
vacancies [25], etc. The hafnium–zirconium oxide (HfZrO) films with an extensive dop-
ing range for the modification of the ferroelectric polarization characteristics have been
expansively investigated in recent years [26]. Since the zirconium doping concentration
in HfO2 films can achieve a maximum ferroelectric polarization strength under a large
doping ratio of 50%, it is beneficial for the thickness scaling for high-density memory or
storage applications. However, the ferroelectric polarization characteristic gradually decays
while the doping concentration of zirconium increases more than 50%. The high content of
zirconium doping easily leads to a weak film quality, especially at high temperatures, which
may cause serious leakage issues [27]. Previous studies have claimed that the poor thermal
stability of zirconium oxide within the HfZrO might cause severe thermal reactions in the
interface, which creates excessive defects and induces an additional leakage path during
high-temperature annealing. In order to improve these problems, the stacked structure
of HfZrO films has been proposed. From our previous work, the leakage current can be
effectively suppressed in stacked HfZrO films, and the excellent ferroelectric polarization
characteristics also can be maintained [28]. According to our previous experimental re-
sults, it can be concluded that the stacked HfZrO ferroelectric capacitor has relatively low
leakage current and good thermal stability under PMA processes than the mixed HfZrO
ferroelectric capacitor. This is because the leakage current path caused by the diffusion of
ZrO2 near the Si interface can be effectively interrupted by the buffer layer HfO2 in the
stacked film structure of ZrO2/HfO2. In contrast, the leakage path may not be easy to
control in mixed HfZrO thin films because the diffusion coefficient of zirconium atoms is
much higher than that of hafnium atoms. Therefore, the stacked structure is utilized in this
study to diminish the influence of poor thermal stability caused by the unstable Zr dopant.
To consummately appraise the ferroelectricity of stacked HfZrO films, we not only describe
the ferroelectric hysteresis behavior, and the ferroelectric crystallinity but also discuss the
leakage current characteristics and stress reliability. In addition, we calculate the ten-year
lifetime and trapping level in this article.

2. Materials and Methods

In order to figure out the ferroelectric properties of the stacked HfZrO films, we
made the ferroelectric capacitors with different zirconium proportions. The stacked HfZrO
ferroelectric capacitors were fabricated on the highly doped n+-type silicon substrate
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with an arsenic doping concentration of 1.24 × 1019 cm−3 to characterize the ferroelectric
properties of thin films. First, the silicon substrate was followed by Radio Corporation
of America (RCA) clean to remove particles and native oxide. A 1 nm chemical oxide
was grown on n+ substrate by pure H2O2 solution as a buffer layer. Then, 10 nm thick
stacked HfZrO films were fabricated by means of atomic layer deposition (ALD) at 250 ◦C.
Tetrakis(dimethylamino)zirconium (Zr[N(CH3)2]4) and Tetrakis(dimethylamino)hafnium
(Hf[N(CH3)2]4) were employed as the precursors for zirconium and hafnium, respectively.
Subsequently, the ferroelectric capacitors were patterned through optical lithography. After
that, the 200 nm thick tantalum nitride (TaN) was deposited using the DC sputtering system
as the top electrode of the ferroelectric structures. The argon and nitrogen flow rates in
the sputtering system were 100 and 10 sccm, respectively, during the deposition of TaN
top electrode. Finally, the stacked HfZrO films was annealed in N2 ambient for 30 s to
crystallization by post-metallization annealing (PMA) at the optimized temperature of
500 ◦C, which was applied to induce phase transition to the ferroelectric crystal phase
by metal gate strain engineering. The high-resolution transmission electron microscopy
(HR-TEM) using a JEOL JEM-2010F at 200 kV was employed for microstructure observation
of device structure. Figure 1a–c shows the TEM cross-sectional images of crystallized
stacked HfZrOx films with 30%, 45%, and 60% Zr proportions, respectively. The crystalline
phases of stacked HfZrO films with different zirconium proportions were measured by
grazing incidence X-ray diffraction (GI-XRD) of Bruker D8 discover using Cu K-α radiation
(the wavelength is about 1.54 Å). To avoid the influence of substrate peaks, a low incidence
angle of 1◦ was applied. The ferroelectric polarization characteristics were measured by a
Precision RT66C ferroelectric tester (Radiant Technology, Inc.). The Positive Up Negative
Down measurements were performed by Agilent B1500A semiconductor analyzer and
B1530A waveform generator.
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Figure 1. Cross-sectional HRTEM images of (a) 30% (b) 45%, and (c) 60% Zr proportion stacked
HfZrO thin films.

3. Results and Discussion

Figure 2a shows the hysteresis loop of stacked HfZrO ferroelectric capacitors with
various Zr proportions under an applied voltage of 4 V. Before the measurement of the
hysteresis loop, the wake-up process was performed for 103 operating cycles at an operating
voltage of ±4 V. The purpose is to prevent the ferroelectric dipole from being affected by
the pinning of oxygen vacancies [29] and achieve obvious ferroelectric characteristics. In
this work, there is no apparent change in remanent polarization (2Pr) after the wake-up
process. The values of 2Pr corresponding to the Zr proportions of 30%, 45%, and 60% are
17.3 µC/cm2, 32.57 µC/cm2, and 21.25 µC/cm2, respectively. It can be clearly observed that
the sample of 30% Zr proportion presents the weakest ferroelectric property of all. When
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the proportion of Zr increases to 45%, the ferroelectric properties of the device becomes
dramatically enhanced. The ferroelectric characteristic of the instantaneous current was
also measured, as shown in Figure 2b. Compared to others, the instantaneous current
of the HfZrO film with a 45% Zr proportion was correspondingly more pronounced,
which is consistent with the measured result of Figure 2a. In order to further observe
the ferroelectric characteristics of stacked HfO2/ZrO2 films with different Zr proportions,
we adopted the Positive Up Negative Down (PUND) measurement method to extract
polarization current (IP) to confirm the ferroelectric characteristic. As shown in Figure 3a,
the pulse condition is an input voltage of ±3.5 V with a pulse width of 50µs and a raising of
10 µs. The waveform contains two positive pulses, two negative pulses, and a preset pulse.
By subtracting the non-switching pulse from the switching pulse, the leakage contribution
to the polarization can be eliminated, thereby confirming the true polarization of the device.
The ferroelectric polarization current can be extracted from the PUND measurement,
excluding the contribution of the dielectric and leakage current constituents [30]. Figure 3b
shows the polarization currents extracted by PUND measurement. The result indicates
that the stacked HfZrO film with a 45% Zr proportion has stronger ferroelectricity, which
involves the largest polarization current with a peak value of 159.98 µA. The HfZrO film
with a 30% Zr proportion shows a comparatively low polarization current of 43.74µA,
which is approximately four times lower than that of a 45% Zr proportion. Besides, it can
be observed that the degradation of polarization current with increasing Zr proportion
up to 60%. It can be explained by the formation of a non-ferroelectric tetragonal phase
transition in staked HfZrO with a higher Zr proportion.
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various Zr proportions.
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Figure 4 shows the GI-XRD spectrum of 10 nm thick stacked HfZrO films with various
proportions of zirconium. The GI-XRD result indicates the presence of orthorhombic crystal
phase (o-phase) in stacked HfZrO; it shows a good accordance to the o-phase at 30.2◦ (111)
and 35.5◦ (002). It is well known that the ferroelectricity of HfZrO films originates from the
formation of the o-phase [31]. The GI-XRD pattern of the sample with a 30% Zr proportion
shows a slight intensity of peak to the monoclinic phase (m-phase) at 28.3◦ (−111), and the
sample with a 60% Zr proportion shows a slight intensity of peaks to the tetragonal phase
(t-phase) at 49.5◦ (112) and 59.4◦ (211), whereas that of the sample with 45% Zr presents the
strongest diffraction peaks at 30.2◦ (111) with the most intense o-phase. Therefore, we can
confirm that the strong ferroelectricity observed in the sample of 45% Zr mainly originates
from the increase in the ferroelectric crystalline phase.
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Figure 4. GI‐XRD spectrum of stacked HfZrO films. 

It is known from previous studies that the metal gate can provide mechanical stress 

to induce the generation of the ferroelectric o‐phase in the PMA process. To further eval‐

uate the influence of the metal gate stress effect on stacked HfZrO films, the strain fields 

of HfZrO capacitors were analyzed by geometrical phase analysis (GPA) to investigate the 

mechanical stress at gate stacks. The εxx and εyy strain fields of stacked HfZrO films with 

30%, 45%, and 60% Zr proportions were extracted from the atomic displacements of TEM 

 

0 100 200 300 400 500 600
-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
 

Time (s)

R
es

p
o

n
se

 C
u

rr
en

t 
(m

A
)

Positive-Up-Negative-Down (PUND)

-4
-3
-2
-1
0
1
2
3
4

DN

U

V
o

lt
ag

e
(V

)

P

Raising Time: 10s
Holding Time: 50s

20 25 30 35 40 45 50
0

50

100

150

200

 

 

P
o

la
ri

za
ti

o
n

 C
u

rr
en

t,
 I p

 (
A

)

Time (s)

 30% Zr proportion
 45% Zr proportion
 60% Zr proportion

Figure 4. GI-XRD spectrum of stacked HfZrO films.

It is known from previous studies that the metal gate can provide mechanical stress to
induce the generation of the ferroelectric o-phase in the PMA process. To further evaluate
the influence of the metal gate stress effect on stacked HfZrO films, the strain fields of
HfZrO capacitors were analyzed by geometrical phase analysis (GPA) to investigate the
mechanical stress at gate stacks. The εxx and εyy strain fields of stacked HfZrO films with
30%, 45%, and 60% Zr proportions were extracted from the atomic displacements of TEM
cross-sectional images, as shown in Figure 5a–c. The εxx and εyy represent the strain along
the direction of the x axis in the x plane and the direction of the y axis in the y plane,
respectively. We can observe that the intensity of the strain field εyy in stacked HfZrO
films is stronger than the strain field εxx. Since the y axis direction is along the film growth
direction (normal to the surface of silicon substrate), the tensile stress and tensile strain
along the y axis direction possibly affect the transition of the o-phase during the PMA
process. Therefore, the ferroelectric phase transition is correlated with the thermal stress
caused by the thermal expansion coefficient difference between TaN metal electrode and
ferroelectric HfZrO thin film under the PMA process. It follows that the proper control of
thermal stress can maintain the stability of the metastable non-centrosymmetric o-phase
and ferroelectric polarization properties of HfZrO.
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It is well known that the conduction mechanism of the leakage current is apparently
influenced by electric field and temperature. In order to study the leakage current mecha-
nism under high field conditions, this section will discuss the variation of leakage current
through variable temperature and trapping level of the stacked HfZrO films. Figure 6a–c
shows the leakage currents measured at room temperature (25 ◦C) and high temperature
(50 ◦C, 75 ◦C, 100 ◦C, 125 ◦C) of stacked HfZrO films with Zr proportions of 30%, 45%,
and 60%. It can be found that the gate leakage current apparently becomes large with
increasing the temperature from 25 ◦C to 125 ◦C. Furthermore, we also observed that the
high-temperature leakage current at negative bias significantly increases, especially for the
case of higher 60% Zr proportion. This can be attributed to the high-temperature-induced
leakage current caused by interface or bulk defect sites. On the other hand, to further obtain



Materials 2023, 16, 3306 7 of 10

the trapping levels of the stacked HfZrO films, the current–voltage relationship of the
stacked HfZrO films at different temperatures was converted into an Arrhenius diagram
and calculated, as shown in Figure 7a–c. The average trapping level for the Zr proportions
of 30%, 45%, and 60% ware 0.4358 eV, 0.3932 eV, and 0.3195 eV, respectively. Overall, the
trapping level in the stacked films is constituted by defects, such as impurities, vacancies,
and grain boundaries. It can be observed that the smaller trapping level occurred at higher
Zr proportions, leading to a smaller trapping level. The change in trapping level also agrees
with the XRD results, showing the decrease in the full width at half the maximum height of
the o-phase (111) peak while increasing Zr proportion from 30% to 60%. This is because the
trap energy level of ZrO2 is shallower than HfO2, and it is easier to create defects at the
interface [32].
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Figure 6. Temperature dependence of leakage current of (a) 30%, (b) 45%, and (c) 60% Zr proportion
in stacked HfZrO films.
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Figure 7. Trapping levels obtained by Poole–Frenkel fitting of (a) 30%, (b) 45%, and (c) 60% Zr
proportion in stacked HfZrO films.

To further study the failure mechanism in the gate dielectric, the time-dependent
dielectric breakdown (TDDB) method with the constant voltage stress (CVS) test was
utilized, which has been proposed for predicting the lifetime of dielectric layers. In view of
the above results, the stacked HfZrO capacitors with the Zr proportions of 30%, 45%, and
60% were measured using the CVS. From the relationship between stress time and leakage
current, the time for a dielectric breakdown of the device under different constant voltage
measurements can be summarized. Figure 8a–c shows the results of the CVS conditions
under applied voltage at −3.5 V, −4 V and, −4.5 V of a stacked HfZrO film with the Zr
proportions of 30%, 45%, and 60%, respectively. We can observe the longer stress time of
>4 × 104 s obtained for the case of 45% Zr proportion at a low-CVS condition of −3.5 V.
When the CVS is performed under a large voltage of −4.5 V, the hole generation can be
clearly observed and the hard breakdown occurs. The stress time for reaching dielectric
hard breakdown is about 10~100 s under −4.5 V for all these three cases.



Materials 2023, 16, 3306 8 of 10

Materials 2023, 16, x FOR PEER REVIEW  8 of 10 
 

 

To further study the failure mechanism in the gate dielectric, the time‐dependent di‐

electric breakdown (TDDB) method with the constant voltage stress (CVS) test was uti‐

lized, which has been proposed for predicting the lifetime of dielectric layers. In view of 

the above results, the stacked HfZrO capacitors with the Zr proportions of 30%, 45%, and 

60% were measured using the CVS. From the relationship between stress time and leakage 

current, the time for a dielectric breakdown of the device under different constant voltage 

measurements can be summarized. Figure 8a–c shows the results of the CVS conditions 

under applied voltage at −3.5 V, −4 V and, −4.5 V of a stacked HfZrO  film with  the Zr 

proportions of 30%, 45%, and 60%, respectively. We can observe the longer stress time of 

>4 × 104 s obtained for the case of 45% Zr proportion at a low‐CVS condition of −3.5 V. 

When the CVS is performed under a large voltage of −4.5 V, the hole generation can be 

clearly observed and the hard breakdown occurs. The stress time for reaching dielectric 

hard breakdown is about 10~100 s under −4.5 V for all these three cases. 

     

(a)  (b)  (c) 

Figure 8. Current–time plots of ferroelectric stacked HfZrO films of (a) 30%, (b) 45%, and (c) 60% Zr 

proportion under CVS. 

Figure 9 shows the time‐dependent ferroelectric breakdown of stacked HfZrO capac‐

itors with the Zr proportions of 30%, 45%, and 60%. Based on the linear fitting from the 

current–time plot, the voltage that can allow the device to operate for ten years can be 

inferred. The extrapolated voltages at a ten‐year lifetime for Zr proportion of 30%, 45%, 

and 60% are −1.32 V, −2.21 V, and −0.96 V, respectively. It is significant that the case of 45% 

Zr has the largest ten‐year extrapolated operating voltage, which was consistent with the 

previous results of electrical characteristics. Therefore,  from  the electrical reliability re‐

sults, we can confirm that the thickness scaling of ZrO2 is beneficial for the reliability of 

stacked HfZrO films. 

 

100 101 102 103 104 105
10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

30% Zr proportion

 CVS -3.5V
 CVS -4V
 CVS-4.5V

 

 

L
ea

ka
g

e 
C

u
rr

en
t 

(A
)

Stress Time (s)
100 101 102 103 104 10510-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4
 

L
ea

ka
g

e 
C

u
rr

en
t 

(A
)

Stress Time (s)

 CVS -3.5V
 CVS -4V
 CVS -4.5V

45% Zr proportion

100 101 102 103 104 10510-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

60% Zr proportion

 CVS -3.5V
 CVS-4V
 CVS-4.5V

 

 

L
ea

ka
g

e
 C

u
rr

e
n

t 
(A

)

Stress Time (s)

2 1 0 -1 -2 -3 -4 -5 -6
100
101
102
103
104
105
106
107
108
109

-0.96V
-1.32V

T
im

e 
to

 B
re

ak
d

o
w

n
 (

s)

Stress Voltage (V)

30% Zr proportion
45% Zr proportion
60% Zr proportion

10 years

-2.21V

Figure 8. Current–time plots of ferroelectric stacked HfZrO films of (a) 30%, (b) 45%, and (c) 60% Zr
proportion under CVS.

Figure 9 shows the time-dependent ferroelectric breakdown of stacked HfZrO capac-
itors with the Zr proportions of 30%, 45%, and 60%. Based on the linear fitting from the
current–time plot, the voltage that can allow the device to operate for ten years can be
inferred. The extrapolated voltages at a ten-year lifetime for Zr proportion of 30%, 45%,
and 60% are −1.32 V, −2.21 V, and −0.96 V, respectively. It is significant that the case of
45% Zr has the largest ten-year extrapolated operating voltage, which was consistent with
the previous results of electrical characteristics. Therefore, from the electrical reliability
results, we can confirm that the thickness scaling of ZrO2 is beneficial for the reliability of
stacked HfZrO films.
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Figure 9. Ten-year lifetime comparison of ferroelectric stacked HfZrO films of (a) 30%, (b) 45%, and
(c) 60% proportion of Zr.

4. Conclusions

In this work, we successfully demonstrated the ferroelectric polarization characteristics
of stacked HfZrO ferroelectric films. According to the experimental results, it was confirmed
that the metal gate stress would transfer to the stacked HfZrO films, which significantly
accelerates the ferroelectric o-phase and stabilizes the polarization effect. Furthermore,
the sample with a 45% Zr proportion features an outstanding ferroelectric property and
reliability, which was predominantly implemented by metal gate stress and well-controlled
Zr proportion calibration. To sum up, an appropriate proportion of Zr/Hf ratio in a
HfO2/ZrO2 gate stack structure with metal gate engineering can certainly realize the high
performance of reliability required for emerging memory technology applications.
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29. Pešić, M.; Fengler, F.P.G.; Larcher, L.; Padovani, A.; Schenk, T.; Grimley, E.D.; Sang, X.; LeBeau, J.M.; Slesazeck, S.;
Schroeder, U.; et al. Physical Mechanisms behind the Field-Cycling Behavior of HfO2-Based Ferroelectric Capacitors. Adv. Funct.
Mater. 2016, 26, 4601–4612. [CrossRef]

30. Joseph, A.J.; Kumar, B. Study of true-remanent polarization using remanent hysteresis task and resistive leakage analysis in
ferroelectric 0.64Pb(Mg1/3Nb2/3)O3-0.36PbTiO3 ceramics. Solid State Commun. 2018, 271, 11–15. [CrossRef]

31. Müller, J.; Böscke, T.S.; Schröder, U.; Mueller, S.; Bräuhaus, D.; Böttger, U.; Frey, L.; Mikolajick, T. Ferroelectricity in Simple Binary
ZrO2 and HfO2. Nano Lett. 2012, 12, 4318–4323. [CrossRef]

32. Park, M.H.; Kim, H.J.; Kim, Y.J.; Moon, T.; Kim, K.D.; Lee, Y.H.; Hyun, S.D.; Hwang, C.S. Study on the internal field and
conduction mechanism of atomic layer deposited ferroelectric Hf0.5Zr0.5O2 thin films. J. Mater. Chem. C 2015, 3, 6291–6300.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/JEDS.2022.3214299
https://doi.org/10.1109/LED.2019.2950916
https://doi.org/10.1109/TED.2022.3146098
https://doi.org/10.1109/TED.2017.2712709
https://doi.org/10.1149/10403.0031ecst
https://doi.org/10.1103/PhysRevB.78.012102
https://doi.org/10.1002/pssr.201800573
https://doi.org/10.1063/1.341208
https://doi.org/10.1016/j.tsf.2020.137927
https://doi.org/10.1002/adfm.201600590
https://doi.org/10.1016/j.ssc.2017.12.017
https://doi.org/10.1021/nl302049k
https://doi.org/10.1039/C5TC01074H

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

