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Vacancy Oscillating Mode in Amorphous
Binary Oxide Film by Terahertz Time Domain
Spectroscopy

THz-TDS demonstrates oxygen-vacancy
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provides new insights into oxygen
vacancy oscillation modes in
amorphous zirconia films. Researchers
from Xidian University, the Beijing
Academy of Quantum Information
Sciences, and Huazhong University of
Science and Technology used THz-TDS
along with infrared spectroscopy and
first-principles calculations to
demonstrate that oxygen-vacancy
migration play a key role in ionic
conductivity and ferroelectric-like
behavior

THz-TDS and microscopy analysis of crystalline and
amorphous ZrO2 films with different oxygen-vacancy
concentrations. Temperature-dependent terahertz
absorption measurements and atomic-resolution
imaging reveal the presence and distribution of
oxygen vaca

With the rapid development of emerging information technologies such as big data, cloud
computing, and artificial intelligence, the demand for massive data storage and processing has
placed increasingly stringent requirements on memory devices. Novel nonvolatile memories are
regarded as a key foundation for future memory-computing architectures. Among them,
ferroelectric random-access memory (FeRAM) and resistive random-access memory (RRAM) have
attracted significant attention owing to their low power consumption and excellent compatibility
with complementary metal-oxide-semiconductor (CMOS) technology. Binary oxides represented
by hafnium oxide (HfO2) and zirconium oxide (ZrO2) are not only widely used as high-k gate
dielectrics in the modern semiconductor industry, but have also emerged as promising materials
due to their controllable ferroelectric and resistive-switching properties.
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Meanwhile, as technology scaling approaches and surpasses the 5 nm node, a growing number
of studies have revealed pronounced ferroelectric-like behavior even in amorphous binary oxide
films with thicknesses down to approximately 1 nm. Our previous research indicated that the
reversible motion of oxygen ions is the most critical factor involving ferroelectric behavior in
these amorphous or polycrystalline binary oxide films. Therefore, understanding the distribution
and dynamic behavior of oxygen vacancies is essential for elucidating the physical mechanism
underlying ferroelectric-like phenomena in amorphous oxides. However, due to the lack of long-
range structural order in amorphous materials, oxygen vacancies are difficult to directly observe
using conventional structural characterization techniques, and their microscopic role during
polarization switching remains largely elusive.

Terahertz time-domain spectroscopy (THz-TDS) offers a promising approach to address this
challenge. The energy scale of terahertz radiation, ranging from a few to several tens of
millielectronvolts, closely matches that of ion hopping, localized vibrations, and defect-related
low-energy excitations. By probing the absorption and transmission of terahertz waves through
materials, THz-TDS can indirectly detect localized states and ionic oscillation modes associated
with oxygen vacancies, thereby providing microscopic migration-energy information that is
inaccessible to conventional low-frequency impedance spectroscopy. Motivated by this
opportunity, a collaborative research team from Xidian University, the Beijing Academy of
Quantum Information Sciences, and Huazhong University of Science and Technology employed
THz-TDS to directly probe vacancy oscillation modes in amorphous oxide films, aiming to reveal
the intrinsic relationship between oxygen-vacancy migration and polarization behavior.

The research team employed THz-TDS to reveal the vacancy oscillation mode in amorphous
ZrOU films and investigate its critical role in ionic conductivity. By combining THz-TDS, infrared
reflectivity measurements, and first-principles density functional theory (DFT) calculations, the
researchers systematically studied the optical absorption and reflection characteristics of both
crystalline and amorphous ZrO0 thin films with different oxygen-vacancy concentrations. Their
work was published in Volume 9, Issue 6 of Opto-Electronic Advances on June 07, 2026.

Experimental results show that oxygen vacancy migration rather than the intrinsic paraelectric
nature in films significantly affects the conductivity and polarization behavior of ZrO2 thin film.
Notably, except for the phonon modes that induce distinct absorption peaks around 11 THz,
additional absorption peaks are observed in the 1-2 THz range, which are caused by localized
states originated from the oxygen vacancies, supported by DFT calculations. Temperature-
dependent ion migration behavior further confirms the role of vacancy oscillation modes in ionic
conductivity. DFT calculations additionally reveal how oxygen vacancies alter infrared absorption
and optical modes, leading to a redshift in existing absorption peaks or the introduction of new
peaks. These findings establish a more comprehensive physical framework for understanding
ferroelectric-like phenomena in amorphous oxide materials and enriching the fundamental
theory of amorphous ferroelectric systems.

From an application perspective, this work provides a new technological pathway toward next-
generation ultra-low-power nonvolatile memories. Since amorphous binary oxides can be
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directly fabricated by low-temperature atomic layer deposition (ALD) without requiring
conventional high-temperature crystallization processes, they offer excellent CMOS compatibility
and strong potential for back-end-of-line (BEOL) integration. This strategy may help overcome
key challenges associated with advanced technology nodes, including equivalent oxide thickness
(EQT) scaling and thermal-budget limitations, thereby enabling new material platforms for future
high-density memories, neuromorphic computing hardware, and in-memory computing
systems.

Looking forward, further efforts will focus on optimizing THz characterization techniques to
enable in-situ and operando observations under multiple external stimuli, such as electric fields
and mechanical stress. Future studies will also aim to establish precise control over oxygen-
vacancy concentration and distribution, while exploring new oxide ferroelectric-like materials
with enhanced performance and functionality.
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