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Ferroelectric wurtzite AlScN, owing to its intrinsic physical advan-

tages, most notably the three-dimensional quasi-single-crystalline

lattice and full CMOS compatibility, has emerged as a promis-

ing platform for next-generation high-density memory systems [1].

Nevertheless, its practical deployment remains constrained by per-

sistent reliability concerns, including hard breakdown, polariza-

tion degradation, and endurance failure, which are theoretically

attributed to nitrogen vacancies (VN), rather than metallic va-

cancies. Despite their central role, direct experimental evidence

clarifying the impact of VN is still scarce [2], representing a fun-

damental bottleneck to the scalable application of wurtzite ferro-

electrics.

In this work, we provide direct experimental evidence for the

pivotal role of VN concentration in governing the structural and

electrical reliability of ferroelectric AlScN. By integrating electron

energy-loss spectroscopy (EELS), X-ray diffraction (XRD), and

electrical measurements, we reveal that VN accumulation induces

lattice distortion, modulates the polarization-switching barrier,

and severely limits endurance. These findings clarify the mech-

anism of VN-driven reliability degradation and establish defect

engineering as a key pathway for enabling robust and scalable

wurtzite ferroelectric device technologies.

Experiments. To elucidate the critical role of VN, AlScN thin

films with different VN concentrations were deposited by reac-

tive magnetron sputtering. The films were grown under a fixed

total gas flow of Ar and N2, while the Ar:N2 flow fraction was

systematically adjusted to 96:96, 64:128, 32:160, and 0:192 sccm,

corresponding to samples S1–S4 (Figure 1(a), Appendix A). All

other deposition parameters were kept constant to isolate the ef-

fect of VN modulation, with vacuum transfer preventing oxygen

exposure.

Results and discussion. Figure 1(b) shows the high-resolution

transmission electron microscopy (HRTEM) images of S1, grown

under the lowest N-plasma condition and therefore expected to

contain the highest VN concentration. Notably, even under this

condition, the film retains high crystalline quality throughout its

thickness, thereby indicating that abundant VN do not compro-

mise the overall structural integrity. To further track vacancy

evolution, EELS measurements were carried out on samples S1–

S4 across the full film thickness (Figure 1(c), Appendix B). The

relative VN concentration was semi-quantitatively estimated by

normalizing the nitrogen K-edge intensity (403.1 eV) to the scan-

dium L-edge (407.5 eV), a stoichiometrically stable internal ref-

erence. With increasing N-plasma flow, the normalized N-K edge

intensity rises progressively from 0.793 (S1) to 0.837 (S4). Energy

dispersive X-ray spectroscopy (EDS) also confirms effective mod-

ulation of the VN concentration by the nitrogen flow ratio and

N-plasma density [3] (Appendix C).

The structural response to this VN modulation was further ex-

amined by XRD. As shown in Figure 1(d), the (002) diffraction

peak of the wurtzite phase gradually shifts from 36.037◦ to 35.958◦

with increasing N-plasma flow, corresponding to an elongation of

the c-axis lattice constant [4]. In contrast, the in-plane (110) re-

flection shows negligible variation, demonstrating that strain re-

laxation is anisotropic and confined mainly along the c-axis (Ap-

pendix D). This anisotropic lattice response alters the c/a ratio

and reshapes the lattice geometry [5]. Corroborating these obser-

vations, the combined EELS-XRD analysis in Figure 1(e) under-

scores the regulatory role of VN in controlling the c/a ratio.

Building on this structural response, particularly c/a ratio mod-

ulation, we next examined its impact on polarization switching

behavior. Positive-up-negative-down (PUND) measurements were

performed on all four samples with nearly identical remanent po-

larization (Pr). As shown in Figure 1(f), coercive field (Ec) in-

creases progressively with higher N-plasma density, revealing the

influence of VN concentration on the energy barrier for polariza-

tion reversal. This trend was further supported by ∆P-E loops

and their first derivatives (dP/dE), which consistently show a

shift of the switching peak toward higher fields as nitrogen flow in-

creases (Appendix E). Although the rising Ec suggests a trade-off

in switching efficiency, this drawback must be considered alongside

dielectric breakdown. To provide a more comprehensive reliability
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Figure 1 (Color online) (a) Key process flow for AlScN capacitor fabrication. (b) HRTEM images of S1 show high crystalline quality at both

the top and bottom interface. (c) EELS spectra for VN concentration analysis in all samples. (d) Effect of Ar:N2 ratio on (002) peak of XRD

patterns. (e) VN-dependent variation of c-axis length. (f) PUND measurements of AlScN samples deposited under different Ar:N2 gas flow

conditions, performed using triangular waveforms. (g) Cumulative quasi-static analyses of EBD, Ec and EBD/Ec. (h) Endurance characteristics

of varied N2 flow ratios. (i) Cumulative analyses of endurance, showing a distinct transition with VN concentration.

metric, we introduce the ratio between the breakdown field (EBD)

and Ec as a figure of merit. Statistical data from quasi-static I -V

and C -V measurements across more than ten devices per con-

dition were analyzed. The results show that the EBD/Ec ratio

increases significantly from 154% to 230% as the Ar:N2 ratio is

tuned from 96:96 to 0:192 sccm (Figure 1(g), Appendix F), consis-

tent with the mechanism illustrated in Appendix G. These results

validate the systematic improvement in both the switching barrier

and dielectric robustness under nitrogen-rich growth conditions.

While such instantaneous metrics offer valuable insight into in-

trinsic robustness, they do not fully capture long-term reliabil-

ity, which is critical for ferroelectric memory applications. To ad-

dress the impact of VN reduction on device reliability, endurance

tests were conducted at 100 kHz on all four samples with dis-

tinct switching peaks and comparable Pr values to ensure con-

sistency. As shown in Figure 1(h), AlScN films grown under

nitrogen-deficient conditions suffer premature failure after only

∼2×106 cycles, whereas those fabricated under nitrogen-rich con-

ditions markedly improve endurance, sustaining up to 1×108 cy-

cles. More importantly, nitrogen-deficient samples predominantly

undergo abrupt dielectric hard breakdown, whereas nitrogen-rich

samples display gradual ferroelectric degradation. This behavioral

shift underscores the pivotal role of VN concentration in governing

both hard breakdown and fatigue behavior, likely through mech-

anisms involving vertical VN migration along grain boundaries

and ferroelectric domain-wall pinning. Collectively, these findings

establish VN concentration as a critical intrinsic factor dictat-

ing both the endurance limits and failure pathways of wurtzite

ferroelectric devices, directly linking endurance performance (Fig-

ure 1(h)) to the VN-regulated failure mechanisms illustrated in

Figure 1(i).

Conclusion. By performing the first quantitative analysis of

VN in wurtzite AlScN through combined by integrated spectro-

scopic, structural, and electrical analyses, this study establishes a

direct causal link between intrinsic point defects, lattice distortion,

and device-level reliability. Our results highlight VN modulation

as a fundamental and effective strategy for tailoring the defect-

structure-property relationship in wurtzite AlScN ferroelectrics.

These insights not only advance the mechanistic understanding

of endurance degradation in wurtzite ferroelectrics, but also pro-

vide a broadly applicable pathway toward reliable and scalable

nitride-based ferroelectric technologies for next-generation mem-

ory applications.
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