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ABSTRACT: Ferroelectric (FE) Hf,_,Zr,O, (HZO) has emerged as a
promising candidate for non-volatile memory applications due to its
excellent scalability, CMOS compatibility, and low thermal budget.

However, its phase stability under elevated temperature conditions remains
insufficiently understood. Here, we present a comprehensive study on the
temperature-dependent phase behavior of HZO capacitors up to 600 °C.
By systematically varying film thickness and composition, we identify the
critical conditions under which the ferroelectric—antiferroelectric (FE—
AFE) transition emerges. Experimental results reveal that this transition FE gs:é\xﬁsEt AFE
originates from the thermal stabilization of the tetragonal phase, as : = L 2 L 2 +
corslgﬁrmed by sublattice phase-field simulations. Thinner ffi;lms arf,d Zr-rich Electric field Electric field Electric field
compositions exhibit lower transition temperatures, while Hf-rich compositions maintain ferroelectricity at higher temperatures.
Furthermore, the FE—AFE transition is shown to be both reversible and repeatable under thermal cycling. These findings provide
key insights for the co-design of materials, processes, devices, and reliability in the development of CMOS-compatible ferroelectric
memory under variable thermal environments.
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erroelectric (FE) material-based non-volatile memory The Landau—Devonshire (L—D) framework is commonly
devices have garnered significant attention due to their employed to analyze switching behavior and phase transitions
high writing speed, excellent endurance, and low energy in FE materials."® In HZO, ferroelectricity originates from the
ion L ; ; orthorhombic (o) phase,'” which ideally exhibits a global
consumption.. Among these materials, Pb(Zr,Ti)O; (PZT) phase, Y g

energy minimum and undergoes a second-order transition
between two opposite polarization states."” However, in
practical L—D plots of HZO, the presence of not only the o
phase but also the tetragonal (t) phase must be considered,
whose presence enables the possibility of a first-order phase
transition.””*" As illustrated in Figure 1la, the t phase remains
metastable at low temperatures and polarization switching
occurs directly between the two stable o phase states without

has been widely commercialized for ferroelectric random-
access memory (FeRAM).”®> However, the scalability limi-
tations and fatigue issues of PZT have prompted the search for
alternative materials." Since the discovery of ferroelectricity in
doped HfO, in 2011, the excellent scalability and silicon
compatibility of doped hafnia have led to extensive research
efforts. Various dopants, including Si,> AL° Y,” La,® and Zr,’

have been explored, with Zr-doped HfO, emerging as a involving the t phase. Nevertheless, due to the small symmetry

particularly promising candidate for memory applications and lattice energy differences between the o and t phases,”

owing to its low thermal budget (<450 °C).”"° both phases can become equally stable with increasing
Recent studies have addressed challenges in hafnia-based temperature, resulting in the coexistence of three global

ferroelectrics, such as fatigue, memory window enhancement, minima. At sufficiently high temperatures, the t phase becomes

ultrathin ferroelectrics, and novel device architectures.'' ™" energetically favorable, leading to pronounced macroscale

However, the thermal stability of Hfy {Zry O, (HZO) remains antiferroelectric (AFE) switching behavior.

insufficiently understood despite its practical importance."*

This issue is practically important, as memory devices are often Received: February 13, 2026

subjected to high-temperature conditions caused by self- Revised:  April 30, 2026

heating or operation in harsh environments.'> Given hafnia’s Accepted: April 30, 2026

complex phase composition and the marginal energy differ- Published: May 6, 2026

ences between its phases,'®’ understanding phase stability

under thermal stress is critical for its reliable applications.
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Figure 1. (a) Evolution of the practical L—D energy landscape of HZO as a function of the temperature, assuming a negligible depolarization field.
The preferred phase transitions gradually from the o phase to coexistence of o and t phases and eventually to a dominant t phase. (b—e) Cross-
sectional HR-TEM images and diffraction pattern of HZO and ZrO, thin films. HZO films shows the orthorhombic phase, whereas ZrO, films

shows the tetragonal phase.

(a) (b) (©
® Hg5Zy 50, of 22 nm G HgsZ;50, 0f 11 nm 0 HgsZy50,0f 7 nm
PMA @ 350 °C, 60 sec PMA @ 350 °C, 60 sec PMA @ 350 °C, 60 sec
E 20} E 20} E 20
2 2 =
(3} (3] (3]
2 2 =
5§ ot S ot 5 0
© © ©
N N N
S 20! 520} 3-20
o a o
_40 1 I 1 _40 1 1 1 _40 I 1 1
=2 0 2 -2 0 ~ 0
Electric field (MV/cm) Electric field (MV/cm) Electric field (MV/cm)
(d (e) ®
8 Hy5Zy 50, of 22 nm 8 Hy5Zy50, 0f 11 nm 8 Hg 52950, 0f 7 nm
<« [PMA @350 °C, 60 sec «— [PMA @350 °C, 60 sec / «~ [PMA @350 °C, 60 sec
LEJ adi E.: 4+ g 4|
< < ,?U < Y
Y, "
2 2 ot PSS ot g 0F - . . . .
© . . (° © \ S \/"“(’
w4l Me_as;;oTeTp;;éoc = W\\Mas. Temp. (°C) = V "ﬁas. Temp. (°C)
e 70 400 2.4 4 — 30 [ —20 120
5 — 115 — 450 57 70 ET4r — 40 140
o — 180 500 [3) o 115 o — 60 160
-8+ — 250 — 550 Highlighted — — 180 o — 80 — 175
Highlighted — — 300 — 600 -3 ) ) — 250 -8 Highlighted— — 100 )
- 0 - 0 - 0 2
Electric field (MV/cm) Electric field (MV/cm) Electric field (MV/cm)

Figure 2. Temperature-dependent experimental data of HZ,sO, capacitors with different thickness. (a—c) P—E hysteresis loops for HZO
capacitors with thicknesses of 22, 11, and 7 nm, respectively. All samples exhibit plateaus in the loops, indicative of the phase transition behavior.
(d—f) Corresponding J—E hysteresis loops for the same samples. In each case, a single current density peak gradually splits into two distinct peaks
with an increasing temperature. The onset of this splitting, highlighted in the plots, marks the FE—AFE transition temperature for each sample.

As shown in Figure 1b—e, high-resolution transmission
electron microscopy (HR-TEM) images and diffraction
patterns of HZO and ZrO, reveal distinct crystal structures
that correlate with their FE and AFE characteristics. However,
direct observation of the crystal structure via TEM at elevated
temperatures is extremely challenging. To overcome this, we
analyzed phase stabilization through temperature-dependent
electrical characterization.
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In this work, we conduct a comprehensive study on the
temperature-dependent phase stability of Hf,_,Zr,O, capaci-
tors. By systematically varying the film thickness and
composition, we identify the critical conditions that trigger
the ferroelectric—antiferroelectric (FE—AFE) transition.
Phase-field simulations based on the L—D framework confirm
that this transition is driven by stabilization of the t phase at a
high temperature. Moreover, we demonstrate that the FE—
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Figure 3. Temperature-dependent simulation results for 22 nm thick HysZ, O, capacitors. (a—c) Simulated P—E hysteresis loops at 30, 300, and
450 °C, respectively. Experimental data reflect behavior from large grains with a distribution of transition temperatures, whereas the simulation
assumes a single domain with small grains. (d—f) Corresponding 2D energy maps for a single lattice at each temperature, showing that, as the
temperature increases, the t phase becomes more thermodynamically stable than the o phase. (g—h) Schematic representations of h and g,, along
with the temperature-dependent evolution of the calibrated values. The sign of h is shown to play a critical role in determining the system’s

preference for the o or t phase.

AFE transition in HZO is both reversible and repeatable,
highlighting its potential for reliable operation in high-
temperature electronic systems where stable and repeatable
polarization dynamics are critical.

FE—AFE Transition of the Hf,sZr, 0, Capacitor

Figure 2 presents the polarization—electric field (P—E) and
current density—electric field (J—E) hysteresis loops of HZO
capacitors with three different thicknesses. At room temper-
ature, all samples exhibit a clear FE response, characterized by
a remanent polarization (2P,) exceeding 30 #C/cm” and two
distinct switching current density (J) peaks.

For the 22 nm thick HZO capacitor, as the temperature
increases, the maximum polarization (P,,) remains nearly
unchanged, while the absolute value of the coercive field (IE)
decreases (Figure 2a and d). This behavior can be explained by
the linear relationship between the measurement temperature
and coercive field, as demonstrated by Vopsaroiu’s model.”***
Since this model is only applicable to FE materials, a
continuous decrease in |E| is observed with an increasing
temperature when HZO maintains the FE o phase.

However, above 300 °C, each ] peak begins to split into two,
accompanied by the appearance of a plateau in the P—E loop,
as highlighted in Figure 2a. This behavior marks the onset of t

6388

phase stabilization, featuring antiparallel (AP) polarization and
inducing a FE—AFE transition through the coexistence of the o
and t phases. Consequently, switching between non-zero
polarization states is mediated by a stabilized t phase with near-
zero net polarization, thereby explaining both the ] peak
splitting and plateau formation.

At this transitional stage, the polarization does not vanish at
a zero electric field, as would be expected for a fully developed
AFE response. This is because the system remains in a local
energy minimum due to the comparable thermodynamic
stabilities of the o and t phases and the presence of an energy
barrier that cannot be overcome by thermal energy alone
without additional input from the coercive field (E.).»
Nevertheless, the partial stabilization of the t phase allows us
to define this temperature as the FE—AFE transition
temperature.

As the temperature further increases, the dual ] peaks
become more pronounced and the t phase becomes dominant.
Starting from 450 °C, a complete macroscale AFE switching
behavior emerges, characterized by switching current density
peaks in all four quadrants. Beyond this temperature, all four |
E | values increase with a further temperature rise. This trend is

https://doi.org/10.1021/acs.nanolett.6c00781
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Figure 4. Temperature-dependent experimental results of H,_,Z O, capacitors with a film thickness of 8 nm. (a—d) P—E hysteresis loops for
H,_,Z,0, capacitors with varying Hf:Zr ratios. (e—h) Corresponding J—E hysteresis loops for the same devices. Among the compositions, only the
Hy75Zy,50, capacitor exhibits FE behavior at room temperature; however, no clear FE—AFE is observed, and the increase in P, with the
temperature is attributed to the relaxation of oxygen vacancies. In contrast, both Hy,5Z50, and ZrO, capacitors display AFE behavior at room

temperature.

attributed to the increased total free energy, which steepens the
L—G energy landscape, resulting in higher |E_ values.”***

This FE—AFE transition is observed across HZO films of all
thicknesses, with the transition temperature strongly depend-
ent on the film thickness. As shown in Figure 2b and e, the
transition temperature of 11 nm thick HZO capacitors
decreases to as low as 180 °C. Furthermore, in the case of 7
nm thick HZO capacitors, it is further reduced to 120 °C, as
shown in Figure 2c and f.

In thinner HZO films, the influence of the highly strained
interfacial region between the tungsten (W) electrode and
HZO becomes more significant. This interfacial region,
associated with lower surface energy, favors the stabilization
of a t phase “dead layer”, which suppresses the stabilization of
the FE o phase.29 As a result, macroscale stabilization of the t
phase and, thus, the FE—AFE transition occurs at lower
temperatures.

From this perspective, it can be inferred that the transition
temperature could fall below room temperature for even
thinner films. Indeed, such behavior is experimentally observed
in a 5 nm thick HZO capacitor, as shown in Figure S3.

Simulation Data of a 22 nm Hf,sZr, 0, Capacitor

To validate the proposed FE—AFE transition model derived
from the L—D framework, phase-field simulations were
performed using a sublattice phase-field model. This model
solves time-dependent Ginzburg—Landau (TDGL) and
Poisson’s equations to describe the ferroelectric domain
dynamics. Within this framework, the dipole—dipole (DD)
interaction (h) and the elastic gradient energy coefficient (g,)
account for coupling effects between adjacent sublattices, with
details shown in Figure $4.*
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Figure 3a—c shows the simulated P—E hysteresis loops at 30,
300, and 450 °C. By adjustment of parameters h and g, with
respect to the temperature, the model successfully reproduces
the thermally induced FE—AFE transition. Specifically, a FE
response is observed at 30 °C, with an intermediate
transitional behavior at 300 °C and a well-defined AFE
response at 450 °C. This transition is driven by the increasing
thermodynamic stability of the t phase at elevated temper-
atures, as further supported by the temperature dependence of
the single-lattice total energy (U,,).”"”> Although discrep-
ancies exist between experimental and simulated results,
primarily because actual devices consist of many grains with
a distribution of transition temperatures, while the simulation
represents a single domain with a sharp transition, the model
still effectively captures the key features of the thermal
evolution.

Figure 3d—f presents two-dimensional energy maps of U,
as a function of polarization states P, and P, at different
temperatures. These maps reveal that increasing the temper-
ature raises the energy of the o phase (P, = P,) while lowering
the energy of the t phase (P, = —P,). These simulation results
confirm the experimental observation of o and t phase
coexistence near 300 °C and support the conclusion that the
FE—AFE transition stems from the thermal stabilization of the
t phase in a high temperature.

Finally, Figure 3g shows schematic representations of h and
Z» while Figure 3h shows their extracted values across the
temperature range. Notably, the DD interaction coefficient h
serves as a key indicator of the FE—AFE transition: it switches
from negative to positive at the transition temperature,
signifying a thermodynamic shift toward antiparallel (AP)
polarization between adjacent sublattices (P, = —P,). This

https://doi.org/10.1021/acs.nanolett.6c00781
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Figure S. Comparison of experimental P—E and J—E hysteresis loops for HysZ,s0, capacitors of varying thickness before and after high-T
measurements. (a and b) Only minor differences are observed in the loops before and after heating, indicating that the FE—AFE transition is
reversible. (c) The 22 nm thick Hy3Z, O, capacitor was subjected to a second high-temperature cycle, during which the FE—AFE transition was
observed again. (d) At 350 °C, the P—E and J—E hysteresis loops closely resemble those from the first cycle, demonstrating that the FE—AFE

transition is also repeatable.

configuration leads to a negative DD interaction energy (U,
thereby favoring the stabilization of the t phase.

Composition-Dependent Thermal Behavior of Hf,_,Zr,0,
Capacitors

To examine how composition influences the FE—AFE
transition in Hf,_,Zr,O, capacitors, we fabricated four
capacitors with different Hf:Zr ratios. As shown in Figure 4a
and e, the pure HfO, capacitor did not exhibit any FE
polarization but instead displayed leakage current character-
istics at elevated temperatures. In contrast, the pure ZrO,
capacitor exhibited clear AFE behavior and maintained
excellent thermal stability, with only a minimal change in
P, even at high temperatures, as shown in Figure 4d and h.

The Hf,,sZr;,;0, capacitor demonstrated a well-defined
ferroelectric response with a 2P, of 22.5 uC/cm? (Figure 4b).
However, unlike the 7 nm thick HfysZr, O, capacitor, it did
not show a distinct FE—AFE transition within the same
temperature range. Instead, a continuous decrease in the [E |
value was observed (Figure 4f), consistent with the temper-
ature dependence described in Vopsaroiu’s model. Addition-
ally, P, increased with the rising temperature, likely due to
the relaxation of oxygen vacancies at an elevated temperature,
which stabilize the FE o phase.’” This effect becomes more
significant in thinner films, explaining the notable P, increase
observed in the 7 nm thick HysZ,;0, capacitor. In contrast,
for the 11 and 22 nm thick capacitors, the impact of oxygen
vacancies is less pronounced, and thus, no clear increase in P,
with the temperature is observed.

The absence of a clear FE—AFE transition in the
Hf,;5Zry,50, capacitor can be explained on the basis of the
L—D model discussed earlier. As the Hf content increases, the
energy landscape favors the stabilization of two oppositely
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polarized states, resulting in deeper global energy minima.
Consequently, a higher temperature is required to induce the
coexistence of o and t phases necessary for a FE—AFE
transition.

In contrast, the Hfj,sZr;,50, capacitor exhibited an AFE
response, even at room temperature (Figure 4c). With an
increasing temperature, the remaining polarization gradually
decreased and approached zero. Simultaneously, |E | increased,
which can be attributed to the steepening of the L—G energy
landscape at higher temperatures (Figure 4g).”°~>® This result
suggests that a higher Zr content promotes the stabilization of
the t phase at lower temperatures, thereby reducing the FE—
AFE transition temperature to below room temperature. This
result is consistent with a previous report showing that
Hf,3Zr,,,0, capacitors exhibit AFE behavior at room temper-
ature but show FE characteristics at 80 K."°

Overall, these results demonstrate that composition
significantly affects the temperature-dependent phase stability
of Hf,_,Zr,O,. Additional temperature-dependent P—E hyste-
resis loops for thicker samples are provided in Figure SS.

Reversible and Repeatable Behavior of the FE-AFE
Transition

Finally, the FE—AFE transition in HZO capacitors was found
to exhibit both reversible and repeatable behavior. Figure Sa
and b shows the room-temperature P—E and J—E hysteresis
loops of HZO capacitors measured before and after high-
temperature measurements. Despite a slight reduction in P,
the FE response remained largely unchanged even after
thermal cycling with negligible variation in E., demonstrating
the reversibility of the FE—AFE transition.

Figure Sc presents the P—E hysteresis loops from a second
high-temperature measurement of the 22 nm thick HZO
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capacitor. Although excessive leakage current at 600 °C
prevented reliable data acquisition at that temperature,
measurements up to 550 °C are successfully obtained. Figure
5d displays the P—E and J—E hysteresis loops at 350 °C, where
the FE—AFE transition reappeared with only a slight increase
in leakage current, confirming the repeatability of the transition
during repeated thermal cycling.

In this work, a systematic study of the temperature-
dependent behavior of Hf, ,Zr,O, capacitors with varying
thicknesses and compositions was conducted up to 600 °C.
The FE—AFE transition mechanism in HZO was experimen-
tally identified and further validated through sublattice phase-
field simulations. Our results show that elevated temperatures
promote stabilization of the t phase of HZO, thereby driving
the FE—AFE transition. Moreover, scaling down the film
thickness significantly lowers the transition temperature to as
low as 120 °C, within the temperature range highly relevant to
CMOS reliability and self-heating concerns.

We also demonstrate that the FE—AFE transition is highly
composition-dependent and exhibits both reversible and
repeatable behavior under thermal cycling. These findings
highlight the critical role of composition and thickness in
tuning the phase stability and switching behavior. In particular,
Hf-rich compositions and increased film thickness tend to
stabilize the FE phase at higher temperatures, whereas Zr-rich
compositions shift the transition to lower temperatures,
providing a flexible design space depending on device
requirements. This work emphasizes the need for co-designing
of electrical and thermal reliability in the design of Hf,_ Zr,O,-
based ferroelectric memory devices. This work offers valuable
insights into the integration of hafnia ferroelectrics into
advanced CMOS technologies and electronics operating in
extreme environments.

Methods

Atomic Layer Deposition (ALD) Growth of the
Hf,_,Zr,0, Capacitor and Device Characterization. A
10 nm thick Al,O; layer was deposited by ALD onto a 90 nm
SiO,/p*Si/SiO, substrate. Subsequently, a 40 nm thick bottom
electrode of W was deposited by physical vapor deposition
(PVD) sputtering. Hf,_,Zr,O, films with varying compositions
and thicknesses were deposited at 200 °C by plasma-enhanced
atomic layer deposition (PEALD). Top electrode patterns,
consisting of circular shapes with a 50 ym radius, were defined
using an AZI1S518 photoresist and a Heidelberg MLA150
maskless aligner. Following patterning, a 40 nm thick W top
electrode was deposited via PVD sputtering. Post-metal
annealing (PMA) was conducted using a Jipelec rapid thermal
annealing (RTA) system at 350 °C in ambient nitrogen (N),
with varying annealing durations.

High-temperature measurements were performed using a
Microxact CPS-50-HT probe station. All measurements were
carried out under a vacuum environment (~4 X 10—6 Torr).
Electrical characterization was conducted using a Precision
Premier II ferroelectric tester.
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