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Abstract— Hafnia-based ferroelectrics (FEs) can be sta-
bilized via careful engineering, both kinetically and thermo-
dynamically. Especially, the fast cooling process has been
regarded as an efficient approach for kinetically maximizing
the phase transition to the orthorhombic (o-) phase from
the tetragonal (t-) phase, which stabilizes thermodynami-
cally during crystallization annealing. However, accurately
controlling the cooling period for fast cooling procedures
is challenging, resulting in unreliable and nonreproducible
outcomes and interpretation. Thus, until now, comprehend-
ing its effects has mainly relied on modeling efforts in the
field of material science. Here, for the first time, we exper-
imentally validate the fast-cooling effect with Al:HfO2 FEs,
based on the novel equipment ensuring both reliability and
reproducibility. In addition, it enabled us to investigate the
impact of the fast cooling process on the phase, domain
size, and interface quality of FEs through various elec-
trical analyses. The fast cooling technique facilitates the
transition from the t-phase to the desired o-phase, induc-
ing significantly higher remanent polarization values of
2Pr (35.31 µC/cm2) and improved subloop characteristics.
In contrast, slow cooling (2Pr of 9.50 µC/cm2) leads to poor
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subloop properties. Given that a fast cooling procedure is
useful for stabilizing the FE o-phase in thin films, we believe
that our reliable annealing procedure and significant exper-
imental findings can provide a foundation for future studies
in hafnia FE material and memory devices.

Index Terms— Al-doped HfO2, annealing, fast ramping
fast cooling (FRFC), ferroelectric (FE), metal–FE–metal
(MFM) capacitors.

I. INTRODUCTION

HAFNIA-BASED materials with a variety of dopants,
including Zr, Sr, Al, Si, La, Gd, and Y, have drawn

notable attention since the ferroelectricity in HfO2-based films
has been reported [1], [2], [3], [4], [5], [6], [7], [8], [9],
[10], [11], [12]. Hafnia ferroelectric (FE) materials play a
crucial role in the operation of FE memory devices, such
as FE field effect transistors (FeFETs), FE random access
memory (FeRAM), and FE tunnel junctions (FTJs) because
of their CMOS compatibility, high scalability, likely 3-D
integration, and superior retention [13], [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25]. Thus, the key to
improve the performance of various FE memory devices lies
in a comprehensive understanding of ferroelectricity and the
switching behavior of FE materials.

The origin of the FE property derives from the noncen-
trosymmetric Pca21 o-phase, which is transferred from the
t-phase owing to the similarities in their structures [26].
Several factors have been reported to affect the FE charac-
teristics of hafnia-based thin films, such as cation and anion
doping, oxygen concentration, atomic layer deposition (ALD)
deposition temperature, surface and volume effects, stress
and strain, and capping electrode [27], [28], [29], [30], [31],
[32], [33], [34], [35]. It turns out that the combination of
thermodynamic and kinetic variables causes ferroelectricity
in fluorite-structured FE material [34], [36]. In particu-
lar, according to the FE materials’ kinetics, the stabilized
t-phase during annealing can transfer to the o-phase rather than
monoclinic (m-) phase during cooling process, given that a sig-
nificant energy barrier (1Et→m) is formed between the t- and
m-phases [34]. However, due to a high energy barrier between
t- and m-phases during the cooling process, once the m-phase
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is formed, it is unlikely to transition into other metastable
phases. The m-phase, which is stable at a rather high tem-
perature, causes a deterioration in the FE characteristics [26].
Consequently, to prevent the unwanted formation of the
m-phase, several efforts have been carried out to increase
1Et→m by introducing the dopant ion Al3+, which has a
smaller crystal radius compared to Hf4+, thereby inhibiting
the formation of the undesirable m-phase [37]. Kim et al. [38]
conducted a study on metal–FE–metal (MFM) capacitors
based on HfO2, where they used Al dopant, finding that the
Al:HfO2 capacitors have a greater energy barrier, 1Et→m ,
than Zr:HfO2. Additionally, the Al:HfO2 material maintains
stable FE characteristics even when subjected to high thermal
budget in subsequent processes, owing to its comparatively
high crystallization temperature. However, there has been a
lack of research so far on determining the most effective
annealing technique to both stabilize the FE o-phase and
secure uniform domain switching by maximizing the phase
transformation from t-phase to o-phase in Al:HfO2 material.

Recently, several annealing techniques have been proposed
to suppress the m-phase formation. Buyantogtokh et al. [39]
discovered that high-pressure annealing system reduced the
energy barrier between t-phase and o-phase (1Et→o), while
raising the energy barrier between t-phase and m-phase
(1Et→m). Accordingly, the ratio of the o-phase improved
as the annealing pressure rose [34]. Moreover, the cooling
rate plays a significant part in the transition of t-phase into
different phases following crystallization. Toriumi et al. [32]
observed that quick ramp-down process could stabilize the FE
phase structure. Schroeder et al. [40] found that throughout
the cooling process, the high entropy of t-phase brings about
a rapid rise in t-phase free energy, which facilitates the
transformation from t-phase to either m-phase or o-phase.
When the cooling step is finished, the driving force diminishes,
resulting in an incomplete transformation from t-phase to the
o-phase in the FE thin film. This results in the existence of
residual t-phase [41]. Meanwhile, Ku et al. [42] utilized the
fast quenching technique to achieve higher Pr and EC values
using a metal–FE–insulator–semiconductor (MFIS) gate-stack.
In addition, they further assessed the suitability of the simu-
lation tool for 3-D FE NAND. Nevertheless, there is a lack
of experimental research that examines the impact of cooling
rates on the polarization, switching speed characteristics, and
interfacial quality in hafnia-based FE materials.

In this study, we fabricated capacitors with an Al:HfO2
MFM structure and subjected them to both fast and slow
cooling under different annealing temperature conditions
(700 ◦C, 800 ◦C, and 900 ◦C). The o-phase formation was
facilitated during annealing at high temperatures, while fast
cooling hindered the stabilization of the dielectric m-phase.
The experimental results were meticulously investigated using
a variety of electrical measurements. In addition, the impact
of the cooling rate on the behavior of switching between FE
domains was verified by using the nucleation-limited switching
(NLS) model. The results showed that as the cooling rate
increases, the switching of domains becomes more uniform.
The fast cooling capacitor annealed at 900 ◦C resulted in a
higher subloop property due to a reduction in oxygen vacan-
cies (VO). The quality of the interface was evaluated using

Fig. 1. (a) Process flow of fabricating the Al:HfO2 MFM structured
capacitors. (b) Schematic of MFM capacitor. (c) Customized FRFC
system and (d) temperature profiles of fast cooling and slow cooling
approaches.

pulse switching measurements, which showed that higher cool-
ing rates lead to increased interfacial capacitance. The findings
indicate that fast cooling acts a pivotal part in preventing the
creation of the unwanted non-FE dead layer.

II. EXPERIMENTAL SECTION

We fabricated capacitors with a structure consisting of
TiN/Al:HfO2/TiN in this study. The dc sputtering technique
was used to deposit a bottom electrode made of TiN with
a thickness of 100 nm, as well as a top electrode made of
TiN with a thickness of 50 nm. On the bottom electrode,
a layer of Al:HfO2, with a thickness of 10 nm, was formed
at 320 ◦C by plasma-enhanced ALD (PEALD). The ratio of
Hf to Al (29:1) was adjusted by altering the Hf and Al cycle
ratios within the supercycle. TEMAHf and TMA were used
as precursors to deposit HfO2 and Al2O3 during the Al:HfO2
deposition process. Oxygen plasma was used for the oxygen
reactant. The top electrode was patterned using conventional
photolithography and etching processes. Following the fabri-
cation of the MFM capacitor, we performed postmetallization
annealing (PMA) at varied temperatures (700 ◦C, 800 ◦C, and
900 ◦C) for 10 s, employing two different cooling rates: fast
cooling and slow cooling. Throughout the PMA procedure,
we raised the temperature by 50 ◦C/s in a nitrogen atmosphere.
After the annealing procedure, the capacitors that went through
fast cooling were subjected to water cooling, whereas the
capacitors that performed slow cooling were subjected to
chamber cooling in a nitrogen atmosphere. We conducted a
variety of electrical analyses using the Keithley 4200 analyzer,
including polarization versus electric field (P–E), capacitance
versus voltage (C–V ), time-dependent polarization switching,
and transient switching current.

III. RESULTS AND DISCUSSION

Fig. 1(a) and (b) illustrates the fabricating process flow and
the schematic of TiN/Al:HfO2/TiN-structured MFM, respec-
tively. Fig. 1(d) shows the temperature’s change over time.
The annealing temperature was raised to 900 ◦C from room
temperature at a ramping speed of 50 ◦C/s, which is similar to
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Fig. 2. (a)–(c) D–E curves, (d)–(f) corresponding relative permittivity–
electric field curves, and (g)–(i) obtained P–E curves of the capacitors
with various annealing temperatures followed by fast cooling and slow
cooling techniques.

the conventional rapid temperature annealing (RTA) system.
As demonstrated in Fig. 1(c) and (d), after completing the
annealing process, for the fast cooling process, the temperature
of the sample dropped from 900 ◦C to room temperature
within 5 s in our designed annealing system. In contrast, in the
case of the slow cooling process, it took as long as 340 s
for the sample temperature to decrease from 900 ◦C to room
temperature.

To analyze the crystalline phase of the Al-doped hafnia FE
layer annealed at various temperatures (700 ◦C, 800 ◦C, and
900 ◦C), electrical measurements were performed, and the
D–E curves and corresponding relative permittivity–electric
field curves of MFM devices after the domain depinning pro-
cess are shown in Fig. 2(a)–(f). For depinning the domains in
Al:HfO2 layer, the D–E curves were acquired after 104 cycles
of electric switching [43], [44]. The dielectric component
contributes to the electric displacement to some extent [43].
Therefore, in order to extract and compare the relative phase
fraction within the thin films, it is essential to obtain the P–E
curves. We gained the P–E curves, as shown in Fig. 2(g)–(i),
by utilizing the D–E and relative permittivity–electric field
curves to eliminate the linear dielectric part in the FE thin
film according to the following equation [43]:

2P = 2D − 2ε0εr E (1)

where P is a part of D that does not include the dielectric
component, D indicates the total displacement, ε0 means the
permittivity of vacuum, and εr is the relative permittivity.
Moreover, variable polarization (PV ) values that are propor-
tional to the section of the t-phase were extracted with the
following equation [38], [43]:

2PV = 2Dmax − 2ε0εr Emax − 2Pr = 2Ps − 2Pr (2)

where Dmax is the maximum displacement, Emax means the
maximum electric field, which is 3.5 MV/cm in this study,

Fig. 3. Comparison of the extracted (a) 2Pr values, (b) 2EC values,
(c) εr values, and (d) 2Pv values. Energy landscape of (e) fast cooling
and (f) slow cooling.

2Pr is the remanent polarization, and 2Ps is the satu-
rated polarization. Fig. 3(a)–(d) illustrates the extracted 2Pr ,
2EC , εr , and 2PV parameters of FE Al:HfO2 films with differ-
ent annealing temperatures and two types of cooling processes
obtained from Fig. 2. The o- and t-phase fractions in the thin
films are proportionate to the 2Pr and 2PV values, respec-
tively [38]. Additionally, the m-phase fraction can be assessed
with the εr value. When the εr value is smaller than 20,
it signifies that the m-phase is dominant [38]. From Fig. 3(d),
we observed that as the annealing temperature increased, both
the 2PV values for fast cooling and slow cooling decreased,
indicating a reduction in the t-phase fraction, suggesting a
transformation of the t-phase into other phases. According
to Fig. 3(a), in the case of fast cooling, the 2Pr values
increased with increasing the annealing temperature, indicating
a transition of more t-phase into o-phase. In contrast, when
the annealing temperature increased, the slow cooling devices
exhibited a reduction in 2Pr values, suggesting a decrease in
the proportion of the o-phase. Especially, the FE layer that
has been annealed at high temperatures, 800 ◦C and 900 ◦C,
followed by slow cooling, shows a significant dominance of
the m-phase, as evidenced by the continuous decrease in the εr

value below 20. This indicates that with increasing annealing
temperature, the phase transition from the t-phase to the m-
phase became more pronounced rather than transitioning to the
o-phase. At an annealing temperature of 700 ◦C, the 2Pr value
of the fast cooling capacitor is slightly higher than that of the
slow cooling capacitor, indicating a comparable o-phase frac-
tion in both capacitors. For elevated annealing temperatures,
800 ◦C and 900 ◦C, the 2Pr values of fast cooling were larger
than those of slow cooling, implying that fast cooling process
prompts a superior o-phase ratio. We measured the maximum
2Pr value of about 35.31 µC/cm2 and the maximum 2EC value
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Fig. 4. (a) Pulse profile of ∆P(t)/2Ps measurement. Time dependent
of the polarization change ∆P(t)/2Ps with relation to various external
voltages for (b)–(d) fast cooling and (e)–(g) slow cooling preceded
by annealing at 700 ◦C, 800 ◦C, and 900 ◦C. Lorentzian-distribution
functions of NLS model for the capacitors annealed at the temperature
of 900 ◦C with (h) fast cooling and (i) slow cooling. (j) Comparison of ω
values at the external voltage of 3.5 V versus annealing temperature.

of approximately 3.53 MV/cm when the annealing temperature
reached to 900 ◦C. These values are important determinants of
the memory window for FeFET devices. These results suggest
that the phase transition during cooling process is significantly
influenced by the cooling rate. As the cooling rate increases,
the transition from t-phase to m-phase is inhibited, as seen
in Fig. 3(e) [40]. Compared with fast cooling, as the FE
layer is exposed to high temperature and subjected to slow
cooling, the phase transition from t-phase to m-phase becomes
significant within the FE layer, and once stabilized, the
m-phase is irreversible [Fig. 3(f)] [36]. These findings indicate
that fast cooling can suppress the transition from t-phase to
m-phase effectively, particularly at high annealing tempera-
tures. Additionally, it can boost the fraction of the desirable
o-phase as a result.

To gain a deeper understanding of the switching behavior
of the Al-doped hafnia FE layer, we used the NLS model to
analyze the polarization switching behavior within domains,
which is governed by nucleation [29], [45], [46]. The NLS
model characterizes the switching dynamics in polycrys-
talline thin films. In this model, the waiting time required
for nucleation determines the domain switching time [39].
As depicted in Fig. 4(a), two positive 10-µs read pulses to
obtain 2PS was applied, followed by a negative writing pulse.
The 2PS comprises a switching pulse and a nonswitching
pulse. In order to determine the polarization changes over
time, 1P(t), we employed two positive read pulses lasting
10 µs each, following the application of a negative write
pulse with different magnitudes ranging from 1.5 to 3.5 V

and widths varying from 10 ns to 10 µs. In addition, (3) was
used to fit the 1P(t)/2PS data using the NLS model. The
NLS model incorporates a Lorentzian-distribution function
that describes the domain switching times in the logarithmic
domain

1P(t)
2PS

=

∫
∞

−∞

[
1 − exp

{
−

(
t
t0

)2
}]

F(logt0)d(logt0) (3)

where

F(log t0) =
A
π

[
ω

(log t0 − log t1)2
+ ω2

]
(4)

where A is a constant of normalization, ω means the half-width
at half-maximum, and log t1 values represent the median
logarithmic value of the distribution [47]. Fig. 4(b)–(g) dis-
plays the 1P(t)/2PS values of the Al:HfO2 capacitors that
undergo annealing at temperatures of 700 ◦C, 800 ◦C, and
900 ◦C using two different cooling methods (fast cooling
and slow cooling). The external voltage applied ranged from
1.5 to 3.5 V. The solid lines depict the data that has been
adjusted to meet the NLS model. Fig. 4(h) and (i) displays
the Lorentzian-distribution functions, determined by fitting the
results of annealing at a temperature of 900 ◦C, using (4).

Fig. 4(j) illustrates the obtained ω values under the appli-
cation of a voltage of 3.5 V. When the rate of change
of 1P(t)/2PS is greater, the ω value is smaller, and the
distribution is sharper, indicating a more uniform switching
of HfO2 domains [38], [48]. Devices subjected to fast cooling
exhibit lower ω values, indicating more uniform domain
switching of the FE film due to the suppression of m-phase
transformation and the maximization of the o-phase. The
increase in ω values with rising annealing temperatures under
slow cooling conditions may be attributed to the decrease
in the fraction of the o-phase and the gradual degradation
of interface quality, both of which disrupt uniform domain
switching [50]. Remarkably, this inclination aligns with the
outcomes of the 2Pr values and εr values depicted in Fig. 3(a)
and (c). Furthermore, the subloop characteristics of Al:HfO2
thin films were investigated by subjecting them to voltage
pulses ranging from 0.5 to 3.5 MV/cm, with increments of
0.2 MV/cm, and a rise and fall time of 10 µs. Fig. 5(a) and (b)
displays the D–E hysteresis loops of the devices annealed
at 900 ◦C, with fast cooling and slow cooling, respectively.
Fig. 5(c) depicts the displacement that has been normalized.
Polarization switching was seen in devices with slow cooling
at relatively low voltages, displaying nonuniform domain
switching. It was observed that the fast cooling process could
suppress the subloops at low electric fields. This is crucial
for applications, such as FeRAM, which require uniform
high polarization at low voltages [50]. Additionally, it can be
utilized to applications like FE-NAND, where disturbances are
prevented below certain voltages as there is no polarization;
whereas polarization occurs only above a specific voltage,
enabling PGM or ERS operations [51].

It has been reported that VO is responsible for the forma-
tion of pinned domains, which in turn leads to nonuniform
domain switching in slow cooling devices, as depicted in
Fig. 5(d) [38], [45]. The fast cooling samples displayed a
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Fig. 5. D–E hysteresis loops of (a) fast cooling and (b) slow
cooling devices annealed at 900 ◦C. (c) Normalized displacement.
(d) Schematic of domain pinning stemming from the oxygen vacancies
of fast cooling and slow cooling devices.

Fig. 6. (a) Pulse sequence of pulse switching measurement.
(b)–(g) Transient switching current–time curves of capacitors with var-
ious annealing temperatures (700 ◦C, 800 ◦C, and 900 ◦C) for fast
cooling and slow cooling. (h) Starting switching current (I0sw) in relation to
the applied electric field (Ea) for the device annealed at 700 ◦C followed
by fast cooling. Comparison of the extracted (i) interfacial dead layer
capacitance (Ci) values with respect to annealing temperature.

smaller ω value and uniform switching, reflected by the results
in Figs. 4(h) and (j) and 5(c). These observations suggest a
lower concentration of VO in the Al:HfO2 thin films treated
with fast cooling. It is hypothesized that VO is created by
removing oxygen from Al:HfO2 during the ALD deposition
or annealing process [53]. Hence, in order to comprehensively
investigate the non-FE layer of the capacitors, the Ci values
were quantitatively calculated to assess the development of
VO by pulse-switching experiments. According to the pulse
sequence in Fig. 6(a), an initial prepolarization of the films

in the up direction was used using a negative write pulse
(3.5 MV/cm and 10 µs). Subsequently, a series of posi-
tive read pulses with different electric fields ranging from
2.5 to 3.5 MV/cm were used. In order to provide efficient
field effect switching, even when the electric field strength
is 2.5 MV/cm, the pulse widths of 10 µs were maintained.
The switching transient current (ISW) was analyzed in relation
to time, as seen in Fig. 6(b)–(g). In the following equation
describes the switching transient current, ISW, at a specific
electric field, E , according to the reverse domain nucleation
and growth model for FE domain switching [54]:

ISW(t) = I 0
SWe−

t−t0
RL Ci (t0≤t ≤ tSW) (5)

where I 0
SW is the current when FE switching starts, Ci is

the interfacial dead layer capacitance, RL indicates the entire
resistance of the measuring system and the device, and t0
and tSW are the time at which the FE film switching begins
and completes, respectively. According to Fig. 6(b)–(g), the
capacitance charging is represented by an increased ISW at
the beginning of the pulse application, which is subsequently
succeeded by a decreased current with time as the charging is
finished. When t equals t0, which means that FE polarization
switches, ISW(t) follows (5) and complies with the linear
behavior for the log-scale (y-axis) represented as yellow dotted
lines. I 0

SW, which means the current at the beginning of the
switching, is described by the following equation:

I 0
SW =

(Ea − Ec)t f

RL
(6)

where Ea represents the applied electric field, and t f means the
thickness of Al:HfO2 layer. Exactly, EC indicates the electric
field across the FE film, and the remaining fraction of the Ea

drops across both the non-FE layer and the load resistance
as the polarization begins to switch. By fitting this linear
region of ISW using (5), I 0

SW and RLCi can be acquired. More
specifically, with (5), RL and EC is extracted by plotting I 0

SW
as a function of Ea , and then, EC and the time constant (τ)

can be obtained through the x-intercept and slope of the
plotting results. As the product of RL and Ci is τ , Ci can
be calculated by dividing τ by RL . It could be observed that
the EC values gained here are smaller than the EC values
extracted from the P–E curves. This can be interpreted by
the extra voltage applied to the non-FE layer and the load
resistance. Fig. 6(h) depicts the graph of I 0

SW versus Ea for
the fast cooling device annealed at 700 ◦C. The interfacial
capacitance arises from an inherent TiOx Ny or TiO2 layer
generated during the ALD process or annealing process [55].
A greater Ci value suggests a reduced effective thickness
of the non-FE layer. According to the results presented in
Fig. 6(i), the Ci values obtained from fast cooling are higher
than those obtained from slow cooling, suggesting that it
effectively prevents the formation of the interface dead layer
between the electrode and FE film [56]. This phenomenon
can be attributed to a lower level of oxidation of the top TiN
and bottom TiN electrodes induced by fast cooling, resulting
in less formation of TiOx Ny or TiO2, as well as a reduction
in VO. Additionally, the disparity in the Ci values between
the two distinct cooling rates consistently demonstrates an

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on October 25,2024 at 04:42:24 UTC from IEEE Xplore.  Restrictions apply. 



6 IEEE TRANSACTIONS ON ELECTRON DEVICES

Fig. 7. (a) Detailed process sequence of FRFC annealing.
(b) D–E curves of the four Al-doped HfO2 MFM-structured capacitors
after annealing at 900 ◦C followed by fast cooling.

upward trend with increasing the annealing temperature. This
suggests that both the top TiN and bottom TiN electrodes are
more oxidized due to the severe thermal budget during slow
cooling, forming a thicker dead layer where no FE switching
takes place [52]. The interfacial dead layer after slow cooling
leads to the polarization pinning effect, which disrupts uniform
domain switching. These findings indicate that fast cooling can
improve the quality of interfaces, allowing for uniform domain
switching.

Finally, Fig. 7(a) illustrates the detailed process sequence
of the fast ramping fast cooling (FRFC) process. In this
system, after annealing, the chamber gate automatically opens,
and the sample loader is immersed into the coolant. This
entire process occurs within 1 s. Such a system enables a
reproducible and reliable FRFC process. Fig. 7(b) shows the
D–E curves of MFM capacitors subjected to the same FRFC
process across four different lots. We believe that this FRFC
process represents a starting point for the development of
new processes applicable to high-performance, next-generation
devices that require high-quality FEs.

IV. CONCLUSION

To examine the impact of cooling rate on the FE prop-
erties of thin films, we fabricated Al:HfO2 capacitors with
a Hf:Al ratio of 29:1 in MFM structures. The capacitors
were subsequently annealed at various temperatures using two
distinct cooling techniques: fast cooling and slow cooling.
We systematically verified the influence of the cooling rate
through a range of electrical analyses. The phase analysis
tool was employed to identify the phase fraction in the FE
materials. Annealing at 900 ◦C followed by fast cooling
resulted in a maximum remanent polarization (2Pr ) of approx-
imately 35.31 µC/cm2. The influence of cooling rate on the
polarization switching behavior was studied by employing
the NLS model. The results indicated that a fast cooling
procedure can lead to more uniform domain switching, dimin-
ishing the disturb issues in memory devices. Measurements
were performed to determine the portion of the non-FE dead
layer through transient pulse switching. The findings suggest
that fast cooling is advantageous in preventing the formation
of a dead layer, leading to improved interface quality and
decreased amount of VO. The fast cooling process is essential
for the maximization of desired o-phase, suppression of the
unwanted m-phase, and inhibition of the interfacial dead layer,

thus achieving uniform domain switching. This study not only
demonstrates the impact of the fast cooling process on the
formation of the FE phase in FE thin films but also holds
significance as a potential starting point for future research on
cooling processes.
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