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Abstract—The crystallization of HAO ferroelectric (FE)
material requires high annealing temperatures ranging
from 700 °C to 1000 °C, because of the smaller ionic radius
of Al dopants. This extreme temperature requirement poses
substantial challenges for the broad application of the
HAO FE layer. Herein, we address this problem by intro-
ducing the microwave annealing (MWA) system, capable
of inducing the phase transformation essential for FE
material crystallization efficiently through a synergistic
application of heat and microwaves. The MWA system sup-
plies the activation energy required for the crystallization
of hafnia FE materials via a combination of thermal and
microwave energy. This allows for a significant reduction
in the annealing temperature. Ultimately, we successfully
achieved high-quality orthorhombic (o-) phase (2P, of 24.63
uClcm?2) crystallization of HAO at a notably lower temper-
ature of 450 °C. The MWA system-based low-temperature
crystallization process significantly improves the interface
quality, yielding better results than typical rapid thermal
annealing (RTA) at 700 °C. These advancements not only
enhance reliability but also diminish the leakage current
of HAO. This research is noteworthy as it demonstrates
successful polarization switching in HAO FE material under
low thermal budget conditions (<450 °C) enabled by the
MWA system.
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. INTRODUCTION
AFNIA ferroelectric (FE) materials are characterized
by a noncentrosymmetric orthorhombic (o-phase) crystal
structure, which gives rise to robust polarization properties [1],
[2], [3], [4]. These characteristics are essential for the opera-
tion of various FE memory devices [5], [6], [7]. In particular,
polarization switching behavior enables multilevel operation,
facilitating the use of FE materials in both memory and
neuromorphic devices [8], [9], [10]. Consequently, exten-
sive research has focused on stabilizing and enhancing the
FE o-phase to improve device performance [11], [12], [13].
To this end, hafnia-based FE materials doped with various
elements, such as Al, Zr, Sr, Y, and Gd, have been widely
investigated [14], [15], [16], [17], [18]. Among them,
Al dopants, which possess a smaller ionic radius than Hf,
have been reported to increase the energy barrier for the phase
transition from tetragonal (t-phase) to monoclinic (m-phase)
during annealing, thereby enhancing thermal stability [6]. In
addition, HfAIO, (HAO) has shown a high dielectric response
(k =~ 68) when a morphotropic phase boundary (MPB) state
is achieved through precise compositional and annealing
control [19]. These findings suggest that HAO-based FE
materials hold great potential for a wide range of applications.
Despite this promise, HAO FE films typically require
high-temperature annealing (700 °C-1000 °C), which leads to
significant degradation in FE properties [6], [20], [21], [22].
Moreover, such thermal conditions promote the formation of
interfacial dead layers, resulting in increased leakage current
and severe reliability issues [23], [24], [25], [26]. To address
these challenges, a microwave annealing (MWA) system capa-
ble of low-temperature processing has been suggested [27].
Unlike typical annealing methods, such as furnace or rapid
thermal annealing (RTA), which rely solely on thermal energy,
the MWA process delivers energy via both heat and microwave
irradiation, enabling effective crystallization of FE films at a
significantly reduced thermal budget [28], [29].
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Here, we achieved FE o-phase crystallization in HAO films
using an MWA system at a record low temperature of 450 °C.
While the RTA-annealed sample at 700 °C exhibited a remnant
polarization (2 P;) value of 16.53 1 C/cm?, the MWA-annealed
sample at 450 °C demonstrated an enhanced 2P, of
24.63 uC/em?, a 49% improvement. In addition, the leakage
current density at 1 V was reduced by 68%, from 3.89 x 1078
A/cm? for the RTA sample to 1.26 x 108 A/cm? for the MWA
sample. These improvements are attributed to the suppression
of interfacial dead layer formation, enabled by the lower
crystallization temperature of the MWA process. Specifically,
MWA process effectively minimizes unwanted interactions
between the TiN and HAO, improving interface quality and
device reliability. These findings demonstrate the potential of
MWA-treated HAO FEs for future applications.

[I. EXPERIMENTAL DETAILS

For the metal-HfAlIO, FE-metal (MFM) capacitor, TiN
bottom electrodes were deposited onto a Si/SiO, substrate via
sputtering to a thickness of 100 nm. Subsequently, an
Al-doped HfO, FE layer was deposited using a
plasma-enhanced atomic layer deposition (PEALD) system
with an Al doping ratio of 29:1. In this study, the thickness
of all HAO films was uniformly maintained at 10 nm. The
substrate temperature was maintained at 320 °C. TEMA-Hf
and TMA were used as precursors for HfO, and AlO,
respectively. The top TiN electrodes were then deposited via
sputtering to a thickness of 50 nm, followed by standard
patterning and wet etching processes. The MWA samples
were annealed in an N, atmosphere for 10 s under various
annealing temperature conditions. Pulse measurements and
various electrical measurements were conducted using a
Keithley-4200A-SCS (Keithley), pulse generator (81110A,
Agilent), and CX-3324A (Keysight) parameter analyzer.

The MWA process enables volumetric heating through
dipole rotation and conduction loss, allowing effective energy
delivery into the interior of the thin film. This leads to
rapid and uniform crystallization even at temperatures below
450 °C. In this study, a customized MWA setup was used. The
microwave frequency was set to 2.45 GHz with a maximum
output power of 3 kW. To monitor the annealing temperature,
a thermocouple is placed in direct contact with the silicon
carbide (SiC) susceptor. The samples are annealed on the
SiC susceptor under a nitrogen ambient, which are selected
to suppress unwanted oxidation and ensure both uniform
thermal distribution and efficient microwave absorption in the
hafnia-based FE films.

I1l. RESULTS AND DISCUSSION

Fig. 1(a) presents the schematic of the MWA system used
in this study. To determine the optimal annealing temperature
for the HAO films, MWA process at various temperatures
ranging from 400 °C to 600 °C was conducted. The dielec-
tric displacement—electric field (D—E) and corresponding
capacitance—voltage (C-V) curves of the woken-up MFM
capacitors are shown in Fig. 1(b) and (c). The wake-up process
was identically performed on all devices under an electric
field of 3.5 MV/cm for 10* cycles. Since a portion of the
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Fig. 1. (a) Schematic of MWA system. Experimental (b) D-E and
(c) k=V curves of FE capacitors with MWA at varying annealing tem-
peratures. Extracted (d) P-E curves, (e) 2P, values, 2Py values, and
(f) k values of MWA samples.

total dielectric displacement originates from the dielectric
component, the pure polarization—electric field (P—E) curves
were extracted by subtracting the linear dielectric contribu-
tion, as shown in Fig. 1(d) [30]. Fig. 1(e) and (f) presents
the extracted values of 2P, variable polarization (2Py), and
dielectric constant (k) for the HAO films crystallized via
MWA at different temperatures. The Py value is obtained by
subtracting P, from the saturation polarization (Ps) in the pure
P—E curve. The 2P, and 2 Py parameters represent the relative
amounts of the FE o-phase and the antiferroelectric t-phase,
respectively [6]. Moreover, considering that m-phase shows
a « value below 20, the phase distribution within the HAO
film under different MWA conditions can be qualitatively and
comparatively inferred using these three parameters: 2 P;, 2 Py,
and «.

It is generally known that during the annealing process,
the t-phase is stabilized within hafnia FE films, while phase
transitions to the o-phase and m-phase occur during the
cooling process. Under the MWA 400 °C condition, the
phase transition from amorphous to crystalline appears to
be minimal. In contrast, the high values of 2P, 2Py, and
k observed at 450 °C suggest the dominance of the
o-phase and t-phase. However, when the annealing temper-
ature exceeds 450 °C, the simultaneous decrease in all three
parameters implies that a significant portion of the t-phase
transforms into the m-phase during the cooling process [6].
Additionally, the formation of interfacial dead layers further
contributes to the reduction in these parameters and polariza-
tion performance.

Fig. 2(a)—(d) presents the phase analysis results of samples
processed via MWA and RTA systems. The 2P;, 2Py, and
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Fig. 2. Comparison of (a) D-E curves, (b) k—V curves, (c) D-E

curves, and (d) 2P, 2Py, and « values resulting from MWA and RTA
treatments. GIXRD analysis results of (e) MWA and (f) RTA pristine
samples, respectively.

k values of the HAO films annealed by MWA at 450 °C
are comparable to those of the films annealed by RTA
at 700 °C. This suggests that MWA at 450 °C induces a
similar degree of crystallization in the HAO films as RTA
at 700 °C. More specifically, the extracted parameters indicate
that MWA-treated HAO film contains a higher fraction of the
o-phase and a lower fraction of the t-phase compared to RTA-
treated film. This trend is further supported by the grazing
incidence X-ray diffraction (GIXRD) analysis, as depicted in
Fig. 2(e) and (f), which shows that MWA samples exhibit a
higher o-phase content than RTA samples, even under lower
annealing conditions. These results suggest that the MWA
system can effectively supply the activation energy required
for o-phase formation in FE materials, even at the reduced
thermal budget of 450 °C.

To analyze the effect of annealing temperature on the
formation of the dead layer between the TiN electrode and the
HAO FE layer, the interfacial capacitance (C;) was extracted.
To extract the C; value, a pre-polarization step was first
performed by applying a negative pulse at —3.5 MV/cm to
fully align the FE dipoles in one direction. Subsequently,
polarization switching in the opposite direction was induced
by applying positive pulses with increasing field strengths
from 2.1 to 3.5 MV/cm, during which the corresponding
switching currents (Isw) were measured. According to the
polarization reversal model, Isw can be described by the
following equations:
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Fig. 3.  Transient switching current-time curves of capacitors with

(a) MWA and (b) RTA. (c) Comparative analysis of the extracted
interfacial dead layer C; values of capacitors processed via MWA and
RTA techniques. (d) Schematic illustrating the configuration of devices
subjected to MWA and RTA treatments.

where Igw denotes the switching current at the onset of
switching (#p), R, represents the total internal resistance,
E, is the applied electric field, E¢ is the coercive field,
and 7y is the thickness of the FE layer. As shown in
Fig. 3(a) and (b), the Isw transient initially exhibits a sharp
rise followed by exponential decay, which corresponds to
the charging and discharging dynamics of the device. After
the switching onset (r = fy), a linear regime in the Isw
signal appears due to the actual polarization switching process.
By fitting this linear portion with (1) and (2), we were able to
extract values for Isw, Ry, and C;.

An increase in C; indicates a reduction in the effective
thickness of the non-FE layer, implying suppressed formation
of the interfacial dead layer [31]. As depicted in Fig. 3(c),
the C; value obtained from the MWA sample is higher than
that from the RTA sample, suggesting that the interfacial
dead layer was effectively suppressed in the MWA sample.
This is attributed to the reduced thermal budget of the MWA
process, which inhibits the oxidation of the metal electrode
and prevents dead layer formation between the TiN and the
HAO film, as illustrated in Fig. 3(d) [28], [29], [32].

Furthermore, the endurance and retention characteristics
were carried out to assess the effect of interface quality on
the reliability of the HAO thin film. Fig. 4(a) and (b) demon-
strates the endurance properties of MWA and RTA annealed
capacitors for pulse cycling with an amplitude ranging from
3.0to 4.5 V and a width of 10 us. The 2 P; values rose owing to
the wake-up effect and then gradually decreased. The findings
indicate that the devices with MWA exhibit better endurance
properties. Fig. 4(c) illustrates the pulse sequence used for the
retention measurements. The same-state (SS), new SS (NSS),
and opposite-state (OS) retention measurements are widely
adopted methodologies for evaluating the retention charac-
teristics of MFM capacitors under various memory operation
scenarios in FE random access memory devices [32], [33]. The
SS condition is used to assess self-retention behavior, while the
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Fig. 4. Endurance characteristics of (2) MWA and (b) RTA capacitors
with respect to various pulse voltages. (c) Pulse profiles of retention
measurement. Obtained retention properties of devices fabricated with
(d) MWA and (e) RTA techniques.

NSS condition reflects realistic usage scenarios by applying
mixed logic states. The OS condition evaluates the retention
stability after switching to the opposite logic state, thereby
highlighting the effects of the built-in field and polarization
reversal fatigue.

Fig. 4(d) and (e) shows the retention characteristics of the
MWA and RTA samples, respectively, measured at 85 °C.
Both samples exhibit excellent retention under SS and NSS
conditions; however, noticeable degradation is observed under
the OS condition. In particular, the RTA sample shows more
severe degradation, which can be attributed to the increased
susceptibility of the HAO film to thermal depolarization
caused by the formation of interfacial dead layers and a higher
concentration of oxygen vacancies [32], [33].

Fig. 5(a) depicts the comparison of the leakage current of
capacitors formed by MWA and RTA processes. The MWA
capacitor demonstrated a lower leakage current density at 1 V,
with a reduction of 68%, from 3.89 x 10~% A/cm? for the
RTA sample to 1.26 x 10~% A/cm? for the MWA sample.
To demonstrate that the low-temperature annealing process
of the MWA system is the primary factor contributing to
the improvement in the leakage current characteristics of
the MFM capacitor, we examined the traps present within
the HAO material. Fig. 5(b) and (c) demonstrates a clear
linear correlation between In(J/E) and E'/?, signifying that
Poole-Frenkel (P-F) emission predominates as the conduction
mechanism within this region. The RTA sample generated a
relatively shallow trap with an energy level of 0.74 eV, while
the MWA sample exhibited a deeper trap level of 0.83 eV.
This suggests that the MWA annealing system suppresses the
formation of shallow traps in the HAO material compared to
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Fig. 5. (a) Comparison of leakage current of capacitors formed by

MWA and RTA processes. Poole—Frenkel plots for the devices with
(b) MWA and (c) RTA treatments. (d) Benchmark comparison of 2P,
values achieved in HAO FE films.
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Fig. 6. (a) Dielectric displacement responses of HAO films annealed
at 450 °C under combined microwave and thermal energy versus those
annealed with thermal energy only, as a function of electric field. XPS
depth profile analysis of HAO films annealed using (b) MWA system at
450 °C and (c) RTA system at 700 °C.

the typical RTA system, which could lead to improved leakage
current characteristics and enhanced reliability [34]. The 2P;
values of the HAO thin films annealed at various tempera-
tures are benchmarked in Fig. 5(d), emphasizing our record
achievement at low annealing temperatures and enhanced 2 P,
value [35], [36], [37], [38], [39], [40], [41], [42], [43], [44].
This study is significant as it successfully achieves superior
polarization switching in HAO FE material under low thermal
budget conditions (450 °C), by utilizing the MWA system [45],
[46], [47].

This study experimentally demonstrated that low-
temperature crystallization of HAO thin films can be
achieved via MWA. However, the individual contributions of
microwave energy and thermal energy to the crystallization
process have not been quantitatively evaluated, presenting a
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limitation of this work. To explore this aspect, we attempted
to crystallize HAO thin films using only thermal energy at
450 °C, without microwave irradiation, as shown in Fig. 2.
No crystallization was observed under these conditions,
suggesting the presence of a synergistic effect between
thermal and microwave energy inputs in promoting FE phase
formation [Fig. 6(a)]. Further studies, including modeling-
based approaches, are required to quantitatively compare
these two effects and to elucidate the mechanism of their
synergy in the crystallization of hafnia-based FE materials.

Fig. 6(b) and (c) shows the XPS depth profiles of HAO
films annealed using MWA at 450 °C and RTA at 700 °C
for 10 s, respectively. Based on previous reports indicating
that thermal treatment of FE capacitors promotes dead layer
formation at the bottom interface between the bottom metal
and the hafnia FE layer [32], the analysis focused on the
bottom interface region. The MWA-treated sample exhibited
approximately 13% HfO,_, suboxide content, whereas the
RTA-treated sample showed a higher suboxide concentration
of around 22%. These results suggest that low-temperature
annealing enabled by the MWA system effectively suppresses
undesirable interfacial reactions between the FE film and the
TiN electrode.

IV. CONCLUSION

In this research, we address the critical challenge associated
with the high-temperature annealing of HAO FE materials
by introducing the MWA system. This innovative technique
synergistically employs heat and microwaves to efficiently
induce phase transformation for FE materials. Consequently,
HAO is transformed into a high-quality o-phase, characterized
by a notable 2P, of 24.63 uC/cm?, at a significantly reduced
temperature of 450 °C. Moreover, the MWA-based low-
temperature process improves the interface quality between
the metal and HAO, surpassing the outcomes with conven-
tional RTA at 700 °C. These advancements not only enhance
reliability but also reduce leakage current in HAO capacitors.
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