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Abstract

In this study, we investigate the effects of rapid thermal annealing (RTA) in a nitrogen
ambient on Al0.8Sc0.2N metal–ferroelectric–metal capacitors. The RTA treatment of up to
13 min on an as-deposited AlScN film markedly improves electrical reliability while main-
taining remanent polarization largely unchanged. The leakage current density decreases
from 152.63 to 71.37 mA/cm2, and endurance increases to 5000 cycles. X-ray diffraction
analysis reveals enhanced crystalline and improved c-axis orientation, which mitigates
grain-boundary defects and suppresses leakage pathways. The RTA promotes Pt diffusion,
resulting in an 11% increase in the dielectric constant. Moreover, it introduces tensile
strain that reduces the coercive field by lowering the ferroelectric switching barrier. These
findings indicate that the RTA process in a nitrogen atmosphere is an effective approach
for improving the quality of AlScN thin film, thereby supporting the development of its
reliable ferroelectric devices.

Keywords: AlScN; rapid thermal annealing; reliability; leakage; ferroelectric capacitor

1. Introduction
Aluminum-scandium nitride (AlScN) has been established as a highly promising

ferroelectric material for next-generation memory and logic devices, primarily owing to
its robust polarization and full compatibility with standard CMOS fabrication flows [1–3].
The incorporation of Sc into the wurtzite AlN lattice induces a non-centrosymmetric phase,
giving rise to a strong spontaneous polarization that is reversibly switchable [4]. This
property allows AlScN thin films to exhibit a large remanent polarization often exceeding
100 µC/cm2, as well as a high coercive field, which are critical performance metrics for
non-volatile applications such as ferroelectric random-access memories and ferroelectric
field-effect transistors [5,6]. Furthermore, its excellent thermal stability of a high Curie
temperature (~1100 ◦C), along with the availability of scalable deposition techniques such
as RF magnetron sputtering and metal–organic chemical vapor deposition, makes it highly
suitable for practical applications [7–9].

The immense potential of sputtered AlScN films is deterred by the challenges in their
structural and electrical quality. The ferroelectric properties of AlScN are sensitive to
film quality, which is particularly difficult to control during the sputtering process [10,11].
Minor deviations in deposition parameters such as gas pressure, power, and temperature
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can lead to severe microstructural defects, including poor crystallinity, competing polar
orientations, and the formation of non-ferroelectric rock salt phases [12,13]. These structural
imperfections act as charge trapping sites and leakage pathways, resulting in high leakage
currents and rapid degradation of ferroelectric switching endurance [14,15]. Such electrical
deficiencies undermine the non-volatility and long-term reliability of AlScN-based devices,
presenting a major bottleneck for their practical implementation.

To address these issues, various post-deposition treatments have been reported to
improve the quality of AlScN films. Among these, thermal annealing has proven to be
a particularly effective strategy for enhancing crystalline structure and mitigating de-
fects. Annealing can facilitate grain growth, reduce internal strain, and mitigate point
defects, which result in a significant reduction in leakage current and an improvement
in ferroelectric stability [16–18]. Still, the optimization of annealing parameters remains
an active area of research. The choice of technique, including RTA, along with specific
conditions like ambient atmosphere and duration, can have a profound impact on the
resulting structure-property relationships.

This study aims to systematically investigate the effects of rapid thermal annealing
in a nitrogen (N2) ambience on the properties of sputtered Al0.8Sc0.2N thin films. The
as-deposited films were subjected to RTA for different durations (3 and 13 min), and each
AlScN based metal–ferroelectric–metal (MFM) capacitor was fabricated. The objective of
this study is to investigate the impact of rapid thermal annealing (RTA) compared to the
reported conventional furnace annealing [19]. We set the RTA time with a 10 min interval
(3 min and 13 min) for comparison. A comprehensive analysis was then performed to
correlate the changes in structural characteristics, which were evaluated via atomic force
microscopy (AFM) and X-ray diffraction (XRD), with the resulting electrical performance.
X-ray photoelectron spectroscopy (XPS) measurements were additionally conducted to
investigate variations in chemical composition. The ferroelectric switching, leakage cur-
rent, endurance, and dielectric properties were thoroughly characterized to establish a
clear relationship, providing insights for the optimization of AlScN for high performance
device applications.

2. Materials and Methods
MFM capacitors were fabricated on a p-type Si substrate. The process began with

the deposition of a Ti/Pt (5 nm/50 nm) bottom electrode via sequential sputtering. Subse-
quently, a 50 nm thick Al0.8Sc0.2N ferroelectric film was deposited using an RF magnetron
sputtering system equipped with an Al0.57Sc0.43 alloy target. The deposition was performed
at a chamber pressure of 5 mTorr using a gas mixture of Ar (15 sccm) and N2 (30 sccm).
A set temperature of a substrate stage and applied power were maintained at 400 ◦C and
280 W, respectively. Following deposition, the samples were classified into three groups:
an as-deposited sample (without annealing), and two samples that underwent additional
RTA at 400 ◦C in a flowing N2 atmosphere (30 sccm) for 3 min or 13 min. Finally, Ni
top electrodes (50 nm thickness, 40 µm diameter) were patterned using a lift-off process
after sputter deposition to complete the MFM structure. A cross-sectional schematic of the
final MFM structure is shown in Figure 1a. For each device condition (as-deposited, RTA
3 min, and RTA 13 min), about ten devices were fabricated and characterized. The results
from representative devices are presented and discussed. It is to be noted that statistical
distributions of devices are summarized in the last part.
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Figure 1. (a) Cross-sectional schematic of the MFM structure. (b) Comparison of AFM images and
RMS roughness values. (c) XRD patterns (2θ = 32–42◦) of as deposited, 3 min annealed, 13 min
annealed AlScN film and (d) an enlarged view of the AlScN (0002) peak. (e) presents the overall
XRD pattern.

The structural and morphological characteristics of the fabricated devices were an-
alyzed using AFM (NX-10, Park Systems, Suwon, Republic of Korea) over a scan area
of 1 × 1 µm2. The crystalline structure was evaluated using XRD analysis (D8-Advance
α1 system, Bruker, Billerica, MA, USA) over a 2θ scan range of 20–80◦. The XRD mea-
surements in this study were performed using a Cu Kα1 radiation source (λ = 1.54056 Å)
as the monochromatic wavelength. The elemental composition and chemical states of
Sc, N, O, and Al as a function of film depth were analyzed by XPS (K-alpha+, Thermo
Fisher Scientific, Waltham, MA, USA). Electrical properties were measured using a Keithley
4200A-SCS (Tektronix, Beaverton, OR, USA) semiconductor parameter analyzer combined
with a PMU-4225 (Tektronix, Beaverton, OR, USA) pulse measurement unit. To evalu-
ate device performance, polarization–electric field (P–E) hysteresis loops and retention
tests were conducted. Specifically, to minimize the influence of leakage current on the
remanent polarization evaluation, positive-up negative-down (PUND) measurements were
performed at a frequency of 10 kHz.
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3. Results
Figure 1b shows representative AFM topography images of each surface morphology.

The as-deposited AlScN film exhibited a smooth surface with a root-mean-square (RMS)
roughness of 0.485 nm. It is nearly identical to that of the underlying Pt bottom electrode
(0.486 nm), indicating that the film growth was highly smooth. Upon annealing, a slight
increase in surface roughness was observed, which is consistent with thermally driven grain
growth. The RMS roughness increased to 0.569 nm after 3 min RTA and further to 0.587 nm
after 13 min RTA. The negligible difference between the two annealed samples strongly
indicates that the initial 3 min thermal annealing is a crucial step, accounting for the majority
of morphological changes. Extended annealing, by contrast, has only an insignificant
additional impact on the surface roughness. It has been reported that crystallinity can be
improved even when the surface roughness shows little or no change [16].

The crystallinity of the as-deposited and annealed AlScN films was analyzed by
XRD analysis. Figure 1c presents the resulting 2θ scan patterns. All samples display
a prominent diffraction peak corresponding to the AlScN (0002) plane, confirming the
formation of a c-axis oriented wurtzite crystal structure [19]. The annealing process induced
two observable changes in the (0002) peak as presented in the magnified plots in Figure 1d.
Figure 1e presents the overall XRD pattern. First, the peak position progressively shifted
to higher diffraction angles from 35.60◦ (the as-deposited film) to 35.66◦ (3 min RTA) and
35.74◦ (13 min RTA). This shift corresponds to a reduction in the c-axis lattice constant,
indicating enhancement of in-plane tensile strain within the film arising from the lattice
mismatch with the bottom Pt electrode [19,20]. Second, the peak intensity increased with
the longer annealing times, which rose from 445 a.u. (as deposited) to 770 a.u. (3 min) and
994 a.u. (13 min). This enhancement is attributed to a combination of grain growth and
improved c-axis orientation, which reduces the density of grain boundaries and associated
defects [21,22]. A minor shift in the Pt peaks was also observed, which is likely attributed
to the inherent lattice mismatch and coefficient of thermal expansion (CTE) mismatch
between the electrode stack and Si substrate. The shift in the Pt(111) diffraction peak was
more pronounced than that of the AlScN peak, which can be attributed to the difference
in strain between the Pt–AlScN and Pt–Si interfaces [23]. However, further complete
structural analysis, including rocking curve FWHM analysis, is suggested to fully confirm
the crystallinity improvement. To investigate the chemical changes induced by the RTA
process, XPS analysis was performed on the as-deposited and two annealed AlScN films.
As presented in Figure 2a–c, the surface atomic composition analysis reveals a clear trend:
the nitrogen signal intensity increases while the oxygen signal decreases. Specifically,
the O1s atomic concentration drops by 41.13% and 39.61% for the 3 min and 13 min
annealed samples, respectively. This trend is attributed to the thermal decomposition of
unstable AlOXNY bonds on the surface of the as-deposited film. During high-temperature
annealing in an N2 atmosphere, these bonds are broken down and are replaced by more
thermodynamically stable Al–N bonds [24]. Consequently, the N1s signal intensifies, while
the O 1s signal diminishes due to the removal of oxygen-related species. This compositional
shift indicates effective surface modification and thus enhanced nitridation of the AlScN
film during the RTA process. The XPS analysis also suggests that the longer 13 min RTA at
400 ◦C promotes interdiffusion at the AlScN/Pt interface [25,26]. The portion of Al appears
to react with the underlying platinum to form a Pt2Al3 intermetallic layer, which lowers
the absolute Al atomic fraction detected by XPS [27]. The formation of this intermetallic
layer introduces a measurement artifact during depth profiling. Due to its higher mass
density and Pt-rich composition, the Pt2Al3 layer exhibits a lower sputter yield when
etched with Ar+ ions [28]. This artificially slows the etch rate near the interface. As a
result, the standard time-to-depth profiling overestimates the film thickness in this region,
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making the AlScN layer appear thicker in the XPS profile than it is physically. Intermetallic-
induced variations in sputtering efficiency have been reported to cause apparent shifts
in interface positions and broadening of elemental distributions, even when the physical
thickness remains constant [29,30]. The difference in Pt signal onset is therefore considered
to result from a sputtering-yield artifact associated with Pt2Al3 formation during RTA.
These chemical transformations at the surface and interface are illustrated in the schematic
of Figure 2d. Comprehensively, the RTA process induced structural reordering and an
increase in the c-axis lattice constant, which consequently enhanced the in-plane tensile
stress. In addition, the reduction in residual defects and oxygen-related bonds within the
AlScN thin film during RTA improved the overall crystallinity, resulting in an increased
c-axis lattice constant that can be interpreted as a relative increase in-plane tensile strain.
Furthermore, due to the mismatch in the CTE between the Pt electrode and the AlScN film,
Pt (≈8.8 × 10−6 K−1) contracted more than AlScN (≈4.5 × 10−6 K−1) during the cooling
process, thereby introducing additional in-plane tensile stress within the AlScN layer. These
combined stress effects are considered to be responsible for the observed changes in the
c-axis lattice parameter and the corresponding Bragg peak shift after annealing [16,31].

Figure 2. XPS depth profiles measured from (a) as deposited, (b) 3 min annealed, and (c) 13 min
annealed AlScN MFM capacitors. (d) Schematic representation of chemical changes inside the AlScN.

In addition to the structural and chemical analysis, the ferroelectric properties of
the AlScN films were evaluated by performing PUND measurements on fabricated MFM
capacitors. Figure 3a,b present switching current characteristics for the as-deposited state
and 3 min RTA device. In Figure 3b, a peak splitting of measured current was affected by
measurement noise. Figure 3c,d show the P-E loops measured for the input voltage range
of 30 V to 39 V. The observed peak current splitting in the switching current affected the
shape of the P-E loops. Figure 3e compares the measured P-E loops for each device under
the applied voltage of 39 V at 10 kHz. Figure 3f presents their corresponding switching
current densities. A comparison of these results reveals that the RTA process did not
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result in a measurable change in remanent polarization. However, it is to be noted that a
progressive decrease in the coercive field (Ec) was observed with longer annealing times.
The Ec value decreased from 4.42 MV/cm to 4.08 MV/cm and 3.91 MV/cm for the 3 min
and 13 min RTA samples, respectively. This reduction is attributed to the tensile strain
induced during the RTA process, which contracts the c-axis lattice constant and lowers
the ferroelectric switching barrier [19,32]. In addition, the stabilization of the chemical
composition, confirmed by XPS through the reduction of oxygen-related bonds and the
formation of more stable Al–N bonds, also contributed to the decrease in the coercive field
and the suppression of leakage current [33]. Furthermore, the RTA process enhances the
loop’s symmetry by reconfiguring charged defect dipoles within the AlScN layer. This
effect weakens the internal field (i.e., imprint), thereby reducing the horizontal offset of the
P-E loop and improving its symmetry [23].

Figure 3. Output current from PUND measurements of (a) as deposited and (b) 3 min annealed
devices. (c,d) P-E loops measured in the voltage range of 30–39 V for as-deposited and 3 min annealed.
(e) P–E loops at 39 V for devices with different annealing times. (f) Switching current characteristics
as a function of annealing time.

Figure 4a presents capacitance-voltage (C-V) measurement results used to extract the
dielectric constant (εr) of the films. RTA resulted in an approximate 11% increase in the
dielectric constant from 24.22 of the as-deposited to 26.9 for both annealed samples, as
shown in Figure 4b. This enhancement is attributed to Pt diffusion into the AlScN film
during the RTA [25,26]. This thermally assisted intermixing reduces the effective dielectric
thickness and thus results in a higher measured capacitance and dielectric constant [25].
Consistent with the reduction in the internal field as observed in the P-E loops, the center
of the C-V “butterfly” curve also exhibits a rightward shift along the electric field axis after
the annealing [23,34]. The impact of RTA on leakage current density is shown in Figure 4c
(log scale) and Figure 4d (linear scale). Asymmetric current behavior was observed be-
tween negative and positive electric fields, which can be attributed to the difference in
work function and interfacial reactivity between the top and bottom electrodes, leading
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to the formation of different barrier heights depending on the field polarity [35]. All an-
nealed devices exhibited a significant reduction in leakage current. The effect was most
pronounced in the 13 min annealed sample, where the leakage current density at 3 MV/cm
was 71.37 mA/cm2. This represents a more than twofold reduction from the initial value
of 152.63 mA/cm2 measured for the as-deposited device under the same bias condition.
This improvement is a direct consequence of the enhanced crystalline quality achieved
via RTA. The thermal treatment promotes the growth of well-aligned and c-axis-oriented
grains, while converting or eliminating abnormally oriented ones. Therefore, the reduction
in the density of grain boundaries, which are known to serve as primary leakage pathways,
effectively suppresses the steady-state leakage current [16,19].

Figure 4. (a) Relative permittivity-electric field (εr-E) curves of AlScN devices annealed for different
durations. (b) Variation in relative permittivity (εr) as a function of annealing time. (c) Log-scale
leakage current of AlScN devices as a function of annealing temperature. (d) Linear-scale leakage
current with an inset showing the leakage current at E = 3 MV/cm.

Retention characteristics of the fabricated MFM devices over time are presented
in Figure 5. During an initial phase up to 1000 s, all three samples (i.e., as-deposited,
3 min, and 13 min RTA) exhibited nearly similar behaviors as in Figure 5a. The change
in remanent polarization (Pr) after the test period was measured for both positive and
negative states. During longer durations, as shown in Figure 5b,c, the degradation of
Pr remained comparable between the three devices, with no clear relation between the
annealing time and retention loss. For the positive retention state, the change in remanent
polarization (∆Pr) was measured to be −18.67, −22.15, and −25.13 µC/cm2 for the as-
deposited, 3 min, and 13 min annealed samples, respectively. For the negative retention
state, the corresponding ∆Pr values were 27.66, 22.99, and 27.64 µC/cm2. The results
confirm that the RTA process in a nitrogen ambience has a negligible effect on long-term
charge retention. The retention characteristics exhibited negligible change after the RTA
process. This is because the polarization stability in wurtzite AlScN is primarily governed
by the depolarization field, leakage-charge compensation, and strong domain pinning
associated with its large coercive field. Therefore, a short-time RTA can effectively suppress
defect-assisted degradation and reduce leakage current, but it does not significantly modify
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the intrinsic polarization retention mechanism [36]. As a result, no clear trend was observed
in retention and polarization among the as-deposited, 3 min, and 13 min RTA samples,
indicating that the short thermal budget mainly influences extrinsic reliability factors such
as leakage and fatigue rather than altering the fundamental ferroelectric switching behavior.
In contrast to the retention behavior, however, endurance characteristics were significantly
improved after the RTA process. While the as-deposited and 3 min RTA devices maintained
reliable polarization switching up to 1000 cycles, the 13 min RTA device maintained stable
and consistent operation for over 5000 cycles. The endurance improvement is primarily
attributed to the enhanced crystallinity and grain growth induced by the RTA process.
During RTA, the localized thermal energy promotes recrystallization and grain coalescence,
reducing the density of grain boundary defects that act as charge-trapping sites and leakage
paths. This suppression of defect states mitigates local field concentration and charge
accumulation, thereby alleviating fatigue during repeated polarization switching [37,38].
However, in the case of the 3 min RTA sample, the annealing duration appears insufficient
to fully activate these microstructural improvements. The limited thermal budget likely
resulted in partial grain growth and incomplete defect relaxation, leading to only modest
endurance enhancement compared to the as-deposited film. In contrast, longer or more
optimized RTA conditions are expected to further improve endurance by facilitating more
extensive microstructural rearrangement and defect passivation. Although the retention
remained nearly unchanged, the endurance performance improved significantly. However,
the endurance (5000 cycles) and retention (~103 s) achieved in this study are still insufficient
to meet the practical requirements for non-volatile memory applications (≥106 cycles and
long-term retention).

Figure 5. Retention characteristics of AlScN devices with different annealing times: (a) overall
retention performance, (b) change in remanent polarization (Pr) after 1000 s, and (c) retention loss at
1000 s. (d) Endurance cycling characteristics.

Figure 6 summarizes the statistical distribution of parameters from characterized
devices using each measurement method (PUND, C–V, leakage current, retention, and
endurance). In Figure 6a–d, twelve devices are characterized for each condition, showing
consistent distributions and trends. The polarization characteristics exhibited a negligible
variation among the three samples, while the dielectric constant showed an incremental
change after the RTA process. Leakage current density decreased depending on the RTA
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time. Retention loss behavior remained nearly identical across all devices. It is to be noted
that the number of devices for endurance is slightly different because of the exclusion of
prematurely failed devices. Specifically, Figure 6e presents 12, 8, and 8 devices for the
as-deposited, RTA 3 min, and RTA 13 min, respectively. Although the as-deposited and
RTA 3 min samples exhibited comparable endurance characteristics, the RTA 13 min sample
clearly exhibited up to 5000 cycling pulses without breakdown.

Figure 6. Statistical scatter plots summarizing the overall electrical characteristics of AlScN capaci-
tors with different annealing times: (a) remanent polarization (P–E) characteristics obtained from
PUND measurements, (b) capacitance–voltage (C–V) behavior, (c) leakage current density (J–E)
characteristics, (d) retention loss after electrical stress, and (e) endurance cycling performance.

Therefore, this work is presented as a fundamental study that primarily demonstrates
the beneficial effects of the RTA process on initial endurance improvement and leakage
current suppression, rather than as direct evidence of memory applicability.

4. Conclusions
In this study, we demonstrated that post-deposition RTA in a nitrogen ambience

is an effective method for enhancing the structural and electrical properties of reactive-
sputtered ferroelectric AlScN film. The thermal treatment was found to improve the
crystalline quality by promoting grain growth and improving c-axis orientation. At the
same time, XPS analysis confirmed a surface modification effect, where unstable surface
oxynitrides decomposed, leading to reduction in oxygen content and the formation of more
stable Al-N bonds. These structural and chemical enhancements are directly correlated to
improvements in electrical properties. The primary benefit of the improved crystallinity
was a substantial reduction in leakage current by more than 50%, which in turn extended the
device’s endurance fivefold from 1000 to 5000 cycles. While the remanent polarization was
preserved, the RTA-induced tensile strain results in a beneficial reduction in the coercive
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field, facilitating easier polarization switching. A modest increase in the dielectric constant
was also observed owing to Pt interdiffusion. Consequently, these findings highlight that
the RTA process is effective in mitigating defects in the AlScN film. However, the RTA
process contributes negligible improvement in retention and polarization. And thus both
Pr value and retention characteristics exhibited minor changes, representing a limitation
of the present study. These results indicate the importance of post-deposition treatment
for fabricating more reliable and robust ferroelectric devices for next-generation electronic
applications. Nevertheless, it is to be noted that there might be uncertainty in our conclusion
because it is supported by limited structural analysis such as XPS as well as XRD results
and literature study. Further complete and direct microstructural analysis is suggested
for future work. A relatively high leakage current is still observed in comparison with
state-of-the-art HfO2-based ferroelectric devices. Therefore, further suppression of leakage
current through interfacial engineering and the incorporation of an oxide interlayer will
remain an important direction for future research (Table 1).

Table 1. Benchmarking table of ferroelectric capacitor.

Ferroelectric Structure Leakage Current
Density (A/cm2) Cycles

Al0.7Sc0.3N [39] Pt/AlScN/Pt n/a 2.7 × 105

Al0.72Sc0.28N [40] Pt/AlScN/Ni 2 × 10−2 to 10−7 1 × 104

Al0.72Sc0.28N [40] Pt/HfO2/AlScN/Ni 3 × 10−4 to 10−7 1 × 105

Al0.88Sc0.12N [41] TiN/AlScN/TiN 1 × 10−7 2 × 107

Al0.78Sc0.22N [42] Mo/TiN/HZO/Mo n/a Under 1 × 104

This work Pt/AlScN/Ni 7 × 10−2 5 × 103
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