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Vacancy oscillating mode in amorphous binary oxide film by
terahertz time domain spectroscopy
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Haiyun Liu3*, Kan-Hao Xue4*, Xiangshui Miao4, Yan Liu1,2*, Yue Hao2, Genquan Han1,2 and Qihua Xiong3

 

Abstract: Unveiling  the  vacancy  oscillation  mode  in  amorphous  binary  oxides  films  at  nanoscale  and  its  impact  on
ionic conductivity and conductivity spectra is vital to explore the tightly intertwined connection between reversible
oxygen migration and stabilizing  and controlling  the ferroelectric  behavior,  to  complement  traditional  ferroelectric
doped-HfO2 materials. Using terahertz time-domain spectroscopy (THz-TDS), infrared reflection spectra, and density
functional  theory  (DFT)  calculations,  we investigate  the optical  absorption and reflection spectra  of  crystalline  and
amorphous ZrO2 thin film by varying oxygen vacancy concentrations. Experimental results show that oxygen vacancy
migration rather than intrinsic paraelectric nature in films significantly affect the conductivity and polarization behav-
ior of ZrO2 thin film. Notably,  except for the phonon modes induce distinct absorption peaks around 11 THz, addi-
tional 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.  Our  findings  unambiguously  clarify  the  oxygen  voltammetry  characteristics  in  amorphous  ferroelectric
binary oxides films. Furthermore, the strategic deployment of amorphous binary oxides films enables the use of low-
temperature atomic  layer  deposition (ALD)  growing process,  effectively  alleviating  routing  congestion of  ferroelec-
tric  oxides  and offering  additional  design  flexibility  for  future  memory  devices  with  ultra-low effective  oxide  thick-
ness  (EOT)  and  low  thermal  budget,  and  providing  alternative  technological  routes  that  are  poised  to  propel  the
development of next-generation more compact ferroelectric devices for advanced process nodes.
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 1    Introduction
Low  power  nonvolatile  memories  exhibit  switchable  and
reliable  electrical  performance,  and  reignite  rejuvenated
technological  interest  for  a  myriad  of  applications,  notably
in  big  data,  artificial  intelligence,  and  cloud  computing
towards novel computing paradigms at the architecture level

especially  required  for  mass  data  processing1−3.  Among  the
current  mainstream  charge-based  memory,  ferroelectric
random  access  memory  (FeRAM)4 and  resistive  switching
random  access  memories  (RRAM)5,6 have  emerged  as
promising  candidates  for  those  evolving  technologies.
Limited to the compatibility with the back end of the tradi-
tional  complementary  metal-oxide-semiconductor  (CMOS)
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process,  the  bistable  nature  of  ferroelectrics  and the forma-
tion/rupture  of  conductive  filaments  stimulated  further
exploration  to  a  simple  binary  structured  oxide7.  Among
these  critical  binary  oxide  materials  including  ZrO2,  HfO2,
TiO2, AlOx, SiO2, etc., as well-known high-k oxide dielectric
material, hafnium oxide (HfO2) and zirconium oxide (ZrO2)
thin  film  have  attracted  more  and  more  attention  due  to
their  excellent  scalability  and  compatibility  with  existing
CMOS  frameworks,  which  have  been  convinced  to  possess
ferroelectric  properties  and  resistive  switching8,9.  Various
investigations  have  been  seeking  the  essential  enabler-
oxygen vacancy in these mechanisms and finally involved in
a  similar  discipline10,  all  converging  on  a  microscopic
oxygen-deficient  phase,  which  has  been  intrinsic  in  the
deposition  process  of  these  polycrystalline  or  amorphous
binary  oxide  films11,12.  Analogous  to  the  oxide  memristor
mechanism  no  doubt  induced  by  oxygen  vacancy  conduc-
tion, vibrant ferroelectric research also indicated that oxygen
vacancy along with localized dipoles has a decisive effect on
the  relative  phase  stability,  which  contribute  to  a  stable
ferroelectric  phase,  such  as  metastable  polar  orthorhombic
phase13,  monoclinic  phase  in  oxygen-deficient  HfO211 and
rhombohedral  phase  in  Hf(Zr)-excess  Hf(Zr)1+xO214,
induced as well as by the epitaxial strain15. In addition, it has
long  been  a  consensus  among  the  above  different  opinions
that  the  ferroelectric  properties,  especially  the  polarization
switching behaviors and wake-up or fatigue effect, has been
unmistakably  intertwined  with  the  distribution  and  the
dynamic behavior of oxygen vacancy under an applied elec-
tric  field16,17.  Armed  with  the  common  understanding  of
oxygen  voltammetry,  the  emergent  research  about  tunnel-
ing  junction  and  resistive  memory18 lay  a  deep  implication
of  the  synergetic  effect  between  resistive  switching  mecha-
nism and polar switching mechanism19, which was explained
as two coexisting reversible interplay switching mechanisms
in a single capacitor cell12,20. Some possible postulations have
been proposed to explain the intrinsic mechanism11,21, which
still remain no consensus and elusive.

On the  other  side  of  on-going  miniaturization  efforts,  as
technology scaling approaches its physical limits beyond the
5  nm  technology  node,  the  continuous  shrinking  of  device
sizes  has  encountered  several  overwhelming  challenges,
including  current  leakage,  increased  power  consumption,
and  insufficient  electrostatic  control,  declining  reliability,
and  difficulties  in  scaling  the  equivalent  oxide  thickness
(EOT). To further facilitate aggressive transistor scaling, the
ongoing miniaturizing ferroelectric film approaching atomic
scale becomes a more knotty problem especially in advanced
technology nodes, due to enhanced depolarization fields and
reduced reliability  at  nanoscale  sizes.  Therefore,  developing
nonvolatile devices with novel operation principles, compact
structures  and  new  nanoscale  material  has  been  a  funda-
mental  solution  to  achieve  faster  and  denser  nonvolatile
memory to meet the recurrent requirement of the era of big
date storage. Apart from the traditional perovskite ferroelec-

tric oxide which fails to demonstrate polarization switching
at  atomic  scale,  polycrystalline  hafnia-based  ferroelectrics
has  remained counterintuitively  robust  ferroelectricity  even
down  to  a  thickness  of  one  nanometer  under  a  rapid  post-
metal  annealing  at  500  °C22,  which  impels  to  a  conclusion
that  hafnia-based  ferroelectrics  is  an  apparently  distinct
mechanism  without  ferroelectric  critical  thickness  and
domain  wall  growth.  Recent  studies  have  revealed  new
mechanisms  for  the  emergence  of  ferroelectricity  in  amor-
phous ZrO2 thin film as thin as 5 Å (1 Å =10−10 m) or 1 nm,
which can be  potentially  attributed to  an amorphous phase
fraction  expected  in  such  ultrathin  films  deposited  at  low
temperature (300 °C)22. 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 film with a thickness range of
2.5–3.6  nm  with  or  without  high-temperature  annealing
process  for  crystallization,  such  as  ZrO2,  HfO2,  AlOx,  and
SiO2,  etc.,  which  have  been  verified  to  exhibit  ferroelectric
hysteresis behavior due to oxygen voltammetry23−26. To sum
up,  the  use  of  low-temperature  atomic  layer  deposition
(ALD) technology in low-oxygen environments has shown a
novel strategy for growing ferroelectric material within poly-
crystalline and amorphous binary oxide films.  To disentan-
gle the classical understanding of polycrystalline HfO2-based
ferroelectricity, we challenge the common belief that a ferro-
electric  structural  constraint  mechanism  of  stabilizing  the
metastable  phase  is  necessary  in  these  numerous  critical
binary  oxide  materials  and  navigate  to  another  more  deci-
sive element of oxygen vacancy voltammetry contributing to
ferroelectricity27.

It  remains  fundamentally  challenging  to  observe  the
oxygen  vacancy  at  the  atomic  scale  and  their  evolution,
particularly under the operando conditions during polariza-
tion  switching  or  resistive  switching.  For  instance,  atomic
scale  electron  microscopy  has  been  adopted  to  directly
image  oxygen  atoms,  which  have  been  constrained  within
the  capacitor  stacks  grown by  epitaxy  techniques.  Recently,
THz conductivity measurements have become essential tools
for  analyzing  carrier  transport  in  solids,  for  instance,  high
spatio-temporal resolution in THz-TDS measurements, have
been developed to study ion transport in solid electrolytes28.

Here  we  demonstrate  the  vacancy  oscillation  mode  in
amorphous  ZrO2 film  by  time-domain  spectroscopy  (THz-
TDS),  exploring  its  significance  in  ionic  conductivity.  By
analyzing ion migration temperature-dependent behavior in
ultrathin  amorphous  or  crystalline  ZrO2 thin  films  with
different oxygen vacancy concentration, the role of vacancy
oscillation  modes  in  ionic  conductivity  has  been  investi-
gated  and  further  confirmed.  Our  investigations  further
provide more profound understanding of the carrier motion
characteristics within unconventional ferroelectric phenom-
ena  at  the  2D  limit  in  binary  oxides  films  and  opens  up
possibilities  towards  integration  into  future  highly  scaled
next-generation silicon electronics.
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 2    Results and discussions
 2.1  Ferroelectric performance of TaN/ZrO2/TaN

capacitors

To investigate the effect of oxygen vacancy migration on the
ferroelectric  properties  of  amorphous  and  crystalline  zirco-
nia  thin  films,  we  fabricated  the  TaN/ZrO2/TaN  capacitors
with  different  oxygen  vacancy  concentrations,  as  shown  in
Fig. 1(a). A schematic of the ALD growth principle for ZrO2
thin  film  is  depicted  in Fig. 1(b).  In  this  approach,  the
oxygen precursor source, H2O, was pulsed for varying pulse
durations  during  ALD,  with  three  specific  pulse  times  of

0.1  s,  0.2  s,  and  0.3  s,  to  effectively  modulate  the  oxygen
vacancy  concentration  in  ZrO2 thin  film.  The  transmission
electron  microscopy  (TEM)  and  energy  dispersive  X-ray
spectroscopy (EDS) results for the three devices with differ-
ent  oxygen  concentrations  are  shown  in Fig. 1(c).  It  is
evident  that  the  ZrO2 thin  film  are  in  an  amorphous  state,
with  a  thickness  of  12  nm.  The  corresponding  oxygen
percentages for O pulsing times of 0.1 s, 0.2 s, and 0.3 s are
56.76%, 59.78%, and 63.66%, respectively.  As the O pulsing
time  decreases,  the  ZrO2 thin  film  become  more  oxygen-
deficient. Fig.1(e–g) show  the  polarization-voltage  (P-V)
curves at 1 kHz for the TaN/a-ZrO2/TaN capacitors with O
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pulsing times of 0.3 s, 0.2 s, and 0.1 s, respectively. A transi-
tion  from  paraelectric  to  ferroelectric-like  behavior  is
observed in the P-V characteristics of  the TaN/a-ZrO2/TaN
capacitors.  Notably,  as  the  O  pulsing  time  decreases  from
0.3 s to 0.2 s, ferroelectric-like behavior begins to emerge in
the  system.  The  remanent  polarization  (Pr)  of  this  stack
further  increases  when  the  O  pulsing  time  is  reduced  to
0.1 s. This suggests that the ferroelectric-like behavior in this
structure  is  related  to  the  formation  of  an  oxygen-deficient
layer.  On the other hand, for the sample with an O pulsing
time of  0.1  s,  we also performed P-V testing on crystallized
ZrO2 samples,  as  shown in Fig. 1(h),  which  exhibited  simi-
lar  ferroelectric-like  behavior  with  a  higher Pr.  The  corre-
sponding I–V characteristics, measured simultaneously with
the P–V loops in Fig. 1(h), is provided in Supplementary Fig.
S1. The TEM and EDS results for these samples are shown in
Fig. 1(d),  where  a  distinct  polycrystalline  structure  is
observed. Distinct lattice fringes were observed in the ZrO2
film, revealing variations in interplanar spacing, as shown in
Supplementary Fig. S2. Measurements identified two sets of
lattice fringes with different spacings:  2.63 Å (m-ZrO2)  and
2.98  Å  (t-ZrO2).  These  correspond  to  the  (200)  and  (001)
planes of m-ZrO2, as well as the (101) and (110) planes of t-
ZrO2,  respectively.  Compared to amorphous ZrO2 samples,
the  crystallized  ZrO2 film  demonstrates  a  higher  oxygen
concentration.  This  can  be  attributed  to  the  high-tempera-
ture annealing process, which improves the lattice structure
and reduces oxygen vacancies.

 2.2  THz-TDS measurements with the role of oxygen
vacancies

As evidenced by our previous study, the amorphous or poly-
crystalline  structure  of  zirconia  has  little  influence  on  the
validation of ferroelectricity, which makes the high-temper-
ature  crystallization  process  unnecessary,  to  a  lesser
extent23−26.  Due  to  the  metastable  nature  of  amorphous
zirconia, the structure of oxygen deficient amorphous zirco-

nia film is routinely alleged to be illusive and invisible due to
the  absence  of  long-range  order  and  variations  in  local
order, which can only be evidenced in crystalline structures
by  conventional  material  characterization  means  or  be
quantitatively  described  by  computational  methods.  The
fundamental questions whether the models or material char-
acterization  of  oxygen  vacancy  modulate  phonon  vibration
in crystals can be directly transfer to amorphous, still remain
unsolved  and  debated.  This  requires  a  method  capable  of
measuring  or  characterizing  the  conductivity  of  zirconia.
THz-TDS,  as  a  way to  detect  carrier  transport  in  materials,
has  been  widely  applied28−30.  The  interaction  of  THz  radia-
tion with matter provides a vital low-energy probe of lattice
vibrations, localized defect states, and charge-carrier dynam-
ics, which make the analogy from crystal to amorphous and
experimental  evidence  of  the  effect  of  oxygen  vacancy  in
amorphous system become valid.

Ẽs(ω) Ẽr(ω)

t̃(ω)

Figure 2 explores  the  THz-TDS  response  of  ZrO2 thin
films  under  different  temperatures,  providing  important
insights  into  the  role  of  oxygen  vacancies  in  electronic  and
ionic conduction.  The details  of  our experimental  setup for
the THz-TDS are described in the Method and Supplemen-
tary  information  of Fig. S3.  Ferroelectric  TaN/ZrO2/TaN
MIM  capacitors  were  fabricated  on  sapphire  substrates  as
sample,  which  facilitate  THz  measurements  without  influ-
encing  the  ferroelectric  properties  of  the  TaN/ZrO2/TaN
structure.  The  size  of  each  sample  is  5  mm  ×  5  mm.  ZrO2
was  prepared  in  both  amorphous  and  crystalline  phases.
TaN  were  fabricated  on  sapphire  substrates  of  the  same
thickness as a reference. The sapphire substrates used for the
THz  measurements  are  single-crystalline c-plane  sapphire
with a  crystallographic  orientation of  (0001),  a  thickness  of
500 μm, and an optically isotropic cutting configuration. In
THz-TDS  measurement,  we  can  obtain  time  domain  spec-
trum of the THz pulse transmitting through the sample Es(t)
and  the  reference Er(t).  The  electric  fields  and 
are  obtained  by  FFT  of  the  time  domain  signal,  and  the
complex  transmittance  can  be  obtained  by  a  ratio
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Ẽs (ω) Ẽr(ω)between and  (details  are  given  in  Supplemen-
tary information of Section 1). Absorbance is a heavy index
to characterize the absorption of the material to THz.

Figure 2(a) shows  the  THz-TDS  of  sample  measured  at
temperatures  ranging  from  77  K  to  380  K,  while Fig. 2(b)
displays the reference signal at room temperature, offset for
better visualization. The schematic diagram of THz spectral
processing  for  the  sample  and the  reference  is  presented  in
Supplementary Fig. S4.  Compared  to  the  reference,  the
sample  exhibit  a  noticeable  reduction  in  signal  amplitude.
Indicating  significant  absorption  and  dispersion  effects
caused  by  the  material's  lattice  properties  and  defect
states31,32. As the temperature increases, the amplitude of the
transmitted  THz  signal  decreases,  indicating  stronger
absorption,  which  is  due  to  increased  interactions  between
THz  waves  and  defect-related  localized  states,  particularly
those formed by oxygen vacancies28,33,34. Doping elements in
ZrO2 (such  as  Y,  Ce.)  can  change  the  lattice  structure  and
vibration mode of  ZrO2,  resulting in new absorption in the
THz  band35,36.  The  absorption  frequencies  and  intensities
depend  on  the  lattice  vibration  mode,  the  electronic  struc-
ture,  and  the  presence  of  defects  and  impurities37−45.  Previ-
ous  studies  have  shown  that  sapphire  exhibits  only  a
smooth,  continuous intrinsic  absorption background in the
THz  frequency  range,  without  localized  characteristic
absorption features, even at elevated temperatures46. Consis-
tent  with  these  reports,  our  independent  measurements  of
bare sapphire substrates and reference reveal no discernible
absorption  peaks.  Therefore,  the  characteristic  absorbance
obtained  after  background  subtraction  can  be  reasonably
attributed  to  the  ZrO2 thin  films.  Defects  such  as  oxygen
vacancy in ZrO2 can cause local vibration patterns that may
produce  additional  absorption  in  the  THz  band28,33,34,47.  As
illustrated  in Fig. 2(c),  oxygen  vacancies  generate  localized
states within the band gap, which lie between the maximum
valence  band  (VBM)  and  the  minimum  conduction  band
(CBM).  When  exposed  to  THz  radiation,  these  localized
states allow ions to absorb THz energy and undergo transi-
tions.  The  THz-TDS  allows  us  to  investigate  the  micro-
scopic  potential  named  migration  energy  in  the  ZrO2 thin
film, which is involved in the hopping process usually in the
range of few meV28.  Usually, the conduction of oxygen ions
in  ZrO2 electrolyte  is  mainly  achieved  through the  vacancy
diffusion  mechanism.  Ion  doping  (such  as  Y2O3 doping  to
form YSZ) or ALD processes can introduce high-concentra-
tion  oxygen  vacancies  into  the  lattice,  which  act  as  media-
tors  for  the  migration  of  oxygen  ions  (O2−).  Driven  by  an
external  electric  field  or  chemical  potential  gradient,  adja-
cent  Oxygen  ion  overcomes  the  energy  barrier  and  transi-
tion  to  nearby  vacancies,  achieving  long-range  migration
through  continuous  directional  exchange  and  forming  an
ion current. This is ion conduction and its conductivity effi-
ciency is mainly determined by the oxygen vacancy concen-
tration and the ion migration barrier.

 2.3  Absorption spectra analysis

Figure 3 shows the temperature-dependent THz absorbance
spectra  for  crystalline and amorphous ZrO2 thin films with
varying  oxygen  concentrations.  The  crystalline  ZrO2
samples  with  low  (D1)  and  high  (D2)  oxygen  concentra-
tions  are  shown  in Fig. 3(a),  while  the  amorphous  ZrO2
samples with low (C1) and high (C2) oxygen concentrations
are shown in Fig. 3(b). The absorption is caused by ion tran-
sitions  between  the  localized  states  introduced  by  oxygen
vacancies.  Interestingly,  the  observed  absorption  in  the
1–2.5 THz range cannot be explained by phonon modes, as
earlier  studies  have shown no phonon contributions in this
range  for  ZrO231,48−50.  For  the  low  oxygen  concentration
sample (D1), absorption peaks were observed at 1.2 THz and
2.1  THz  below  room  temperature.  These  peaks  remained
fixed at low temperatures (77–300 K), but blue-shifted as the
temperature increased beyond 300 K. This shift is attributed
to enhanced thermal  energy,  which makes the migration of
ions  easier,  promoting  the  transition  of  ions  to  higher
energy levels in the local energy state associated with oxygen
vacancies,  and causing the absorption peak to shift  towards
the  high-frequency  direction.  This  type  of  transition  is
essentially thermally activated. As the temperature rises, the
enhanced  thermal  energy  promotes  ions  to  absorb  higher-
energy  THz  to  complete  their  migration,  strengthening  the
coupling  effect  between  oxygen  vacancies  and  THz  waves,
thereby broadening the conductivity spectrum and enhanc-
ing the low-frequency absorption response51,52.  For the high
oxygen  concentration  sample  (D2),  absorption  peaks  were
broader  and  located  between  1.2  THz  and  1.6  THz  at  low
temperatures.  However,  with  increasing  temperature,  the
peaks  disappeared  completely.  This  suggests  that  in  high
oxygen  concentration  crystalline  samples,  fewer  oxygen
vacancies  remain  available  for  ion  transitions,  leading  to
weaker  absorption  at  higher  temperatures.  For  the  low
oxygen  concentration  amorphous  sample  (C1),  similar  to
the crystalline D1 sample, absorption peaks were observed at
1.2 THz and 2.1 THz below room temperature. These peaks
also  exhibited  a  blue  shift  as  the  temperature  increased
beyond 300 K. However, for the high oxygen concentration
amorphous  sample  (C2),  the  absorption peak  shifted  to  1.5
THz at low temperatures and also blue shifted with increas-
ing  temperature.  Unlike  the  crystalline  samples,  the  amor-
phous samples retained more pronounced absorption peaks
at  higher  temperatures.  This  behavior  is  attributed  to  the
disordered nature of the amorphous structure, which allows
for  a  broader  distribution  of  oxygen  vacancy-related  local-
ized states.

The  VO configuration  in  the  ZrO2 grain  was  further
analyzed  using  atomically  resolved  STEM-iDPC  imaging
(Fig. 3(c–f)).  In  HAADF  images,  in  which  Zr  atomic
columns  appear  as  the  brightest  spots,  while  interstitial
oxygen columns remain undetectable due to their weak elec-
tron  scattering.  However,  oxygen  columns  can  be  observed
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alongside Zr in the iDPC images.  To locate the ordered VO
sites  more  clearly,  an  enlarged  charge  density  map  was
examined.  The  map  shows  that  the  charge  intensity  at
oxygen-deficient sites changes from a "taillike" to a "dotlike"
appearance.  This  indicates  localized  ions  at  interstitial
columns in sample D1. Line profiles of charge density across
interstitial  planes  in  the  ZrO2 film  of  sample  D1  provide
further  evidence.  A  periodic  variation  in  charge  density  at
the anionic sites is clearly observed in the crystallized ZrO2.
Localized states induced by oxygen vacancies are distributed
between the valence and conduction bands, forming discrete
energy  levels.  Ion  transitions  between  these  states  require
overcoming  an  migration  energy,  which  is  close  to  the
energy barrier required for oxygen vacancy movement as the
cause  of  imprint  within  the  hafnia-zirconia-based  material
system53.  At  temperatures  above  300  K,  ion  gain  enough
thermal  energy  to  overcome  the  migration  energy  barrier,
enabling transitions to higher localized states.  Compared to

crystalline  samples,  the  localized  states  in  amorphous
samples are more disordered, with a broader range of char-
acteristic frequencies, resulting in more pronounced absorp-
tion  peaks  compared  to  crystalline  samples54.  For  more
concentrated  crystalline  (D3)  samples,  detailed  in  the
Supplementary Fig. S5, the absorption peaks disappeared at
both high and low temperatures in crystalline samples. This
verifies that excess oxygen reduces vacancy availability.

 2.4  Infrared reflection spectra and DFT calculations

The  infrared  reflection  spectra  of  TaN/a-ZrO2/TaN  and
TaN/c-ZrO2/TaN  structures  were  measured  using  a  Bruker
IFS-113V Fourier spectrometer in the spectral range of 1.5-
20  THz  at  295  K  with  a  resolution  of  1  cm−1.  Significant
enhancement  in  reflectance  was  observed  in  the  samples
containing ZrO2 dielectric layers compared to the reference
structure, which lacks ZrO2 dielectric layer. This increase in
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Fig. 3 | THz-TDS measurements with various oxygen concentration. (a) Temperature-dependent absorption peak behavior for crystalline zirconia samples
D1 (low oxygen concentration) and D2 (high oxygen concentration). (b) Temperature-dependent absorption peak behavior for amorphous zirconia samples
C1 (low oxygen concentration) and C2 (high oxygen concentration). (c) Experimentally acquired HAADF image of the middle parts of ZrO2 film in samples
D1. (d) Filtered iDPC image with inverted contrast, in which the interstitial oxygen columns can be visible. (e) Enlarged views of the columns taken from (c),
in  which the false-colored image intensity  changes to  some dotlike  rather  taillike  ones at  the oxygen-deficient  sites.  (f)  Results  of  the line profile  taken
along corresponding regions highlighted with dashed lines and solid lines in (c), in which the periodic variation of charge density at the anionic sites can be
clearly seen.
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reflectance  can  be  attributed  to  the  high  dielectric  constant
of  ZrO2,  which  introduces  strong  polarization  and  optical
phonon  modes,  particularly  in  the  high-frequency  range.
The  crystalline  ZrO2 (c-ZrO2)  layer  exhibited  sharper  and
more  pronounced  phonon-related  peaks  at  11  THz  and  16
THz  without  any  other  peaks  at  low  frequency,  while  the
amorphous ZrO2 (a-ZrO2) layer showed slightly lower peaks
due to the structural disorder and higher defect density. Due
to the lack of long-range order characteristic of  amorphous
structure,  modelling  oxygen  vacancy  in  amorphous  solids
has  been often  carried  out  by  analogy  with  their  crystalline
counterparts55. We also performed density functional theory
(DFT)  calculations  to  simulate  the  mid-infrared  absorption
spectra  of  crystalline  ZrO2 thin  films.  Calculated  IR-active
phonon  frequencies  is  shown  in  Supplementary Table  S1.
The  results  reveal  that  phonon  modes  induce  distinct
absorption  peaks  around  11  THz  (Fig. 4(a)),  in  alignment
with  experimental  measurements  and  pervious  literature
reports49,56,57.  The  high-frequency  nature  of  these  peaks  can
be  attributed  to  the  stiff  bonding  environment  and  trans-
verse  polarization  characteristics  of  transverse  optical  (TO)
modes.  Specifically,  in  the  pristine  ZrO2 lattice,  the  TO
modes near the Γ point exhibit atomic vibrations perpendic-

ular  to  the  wave  vector  direction,  which  generate  dipole
moments  detectable  in  the  infrared  spectra.  Notably,  the
simulated  mid-infrared  absorption  spectra  also  show  no
absorption peaks in the 1–2.5 THz range (Fig. 4(b)), further
confirming  that  the  experimentally  observed  peaks  in  the
1–2 THz range  are  caused by  oxygen vacancies  rather  than
intrinsic  phonon  modes.  Additionally,  DFT  simulations  of
ZrO2 with  various  oxygen  concentrations  (Fig. 4(c, d))
demonstrate  that  oxygen  vacancies  introduce  defects  that
may  lead  to  additional  absorption  peaks  or  cause  existing
absorption  peaks  to  redshift.  The  two  distinct  absorption
peaks observed at 9.42 THz and 10.59 THz exhibit progres-
sive  spectral  overlap  with  increasing  oxygen  vacancy
concentration.  This  is  because  the  absorption  peak,  which
was  originally  covered  at  10.59  THz,  undergoes  a  redshift,
resulting  in  spectral  overlap.  This  behavior  arises  from
vacancy-induced  local  lattice  distortions,  which  soften  the
vibrational  force  constants  of  Zr-O  bonds  and  reduce  the
restoring  forces.  As  oxygen  vacancies  proliferate,  the
symmetry-breaking effects and enhanced anharmonic inter-
actions  lead  to  mode  coupling  between  the  originally  inde-
pendent  peaks.  This  redshift-overlap  trend  underscores  the
critical  role  of  oxygen  vacancies  in  modulating  lattice
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dynamics and infrared response. However, excessive vacan-
cies  may  lead  to  phonon  scattering  and  degraded  thermal
conductivity,  necessitating  a  balance  between  defect  engi-
neering and lattice stability. The supercell models of oxygen
vacancies  with  different  coordination  numbers  and  their
corresponding infrared spectra are shown in Supplementary
Fig. S6. The infrared absorption spectra of these two types of
oxygen vacancies are essentially identical.

The  relationship  between  oxygen  vacancies  and  ionic
conductivity  in  (Y)-doped  bulk  ZrO2 crystals  has  been
widely  reported28,58−63.  In  bulk  ZrO2 electrolytes,  ionic
conductivity  is  typically  measured  via  low-frequency
impedance  spectroscopy  (<  MHz),  which  only  obtain  the
total  activation  energy  reflecting  long-range  potential.  This
activation  energy  includes  the  binding  energy  and  migra-
tion energy. Traditional low-frequency impedance measure-
ment cannot distinguish the local vibration before ion tran-
sition  at  the  microscopic  level  from  the  actual  transition
process,  and  lacks  direct  data  on  migration  energy.  The
microscopic  potential  of  bulk  ZrO228 in  oxide  ion  conduc-
tors has been reported by THz-TDS measurements,  but the
test  frequency  is  less  than  1  THz28;  In  contrast,  our  work
employs THz-TDS to study ultrathin ZrO2 films and reveals
absorption  features  in  the  1–2.5  THz  range  that  can  be
directly  attributed  to  oxygen-ion  transition.  DFT  calcula-
tions  confirm  that  this  frequency  range  is  essentially  free
from  phonon  contributions,  indicating  that  the  observed
peaks  to  serve  as  a  direct  spectroscopic  signature  of  micro-
scopic  migration  energies.  Experimentally,  ZrO2 films  with
higher  oxygen-vacancy  concentrations  exhibit  stronger
absorption peaks and, in some cases, dual peaks, while ZrO2
films  with  lower  vacancy  densities  show  weaker  features,
demonstrating  a  clear  correlation  between  ionic  transitions
and  vacancy  density.  Increasing  temperature  enhances  the
absorption  intensity  and  induces  a  blue  shift,  reflecting
increased ionic  oscillation amplitude and transition energy.
Structurally,  amorphous  ZrO2 films  under  high-tempera-
ture and low-vacancy conditions display stronger ionic tran-
sitions  than  crystalline  films,  indicating  that  the  disordered
structure  can  maintain  accessible  vacancies  and  facilitate
microscopic  ionic  transport.  Overall,  THz  spectroscopy
captures  the  microscopic  vibrational  dynamics,  reveal  the
synergistic  effects  of  oxygen  vacancies,  temperature  and
structural  states  on  ion  transitions.  It  provides  information
that  cannot  be  directly  obtained  through  traditional  bulk
phase measurements, highlighting the unique insights of our
study into nanoscale ionic dynamics in oxide thin films.

 3    Conclusion
In  summary,  this  study  reveals  the  role  of  vacancy  oscilla-
tion  modes  in  amorphous  ZrO2 films  and  their  impact  on
ionic  conductivity  and  optical  properties.  Through  THz-
TDS,  infrared absorption spectra,  and DFT simulations,  we
show how oxygen vacancies influence absorption character-

istics  of  ZrO2 films.  Oxygen  vacancies  induce  localized
states,  altering  the  electrical  behavior  of  the  material,  espe-
cially in the 1–2 THz range where specific absorption peaks
appear.  These results confirm the significant role of oxygen
vacancies in the ionic conductivity of ZrO2 films. As oxygen
vacancy concentration changes, which affects the optical and
electrical  behavior  of  the  films,  particularly  in  the  amor-
phous samples where the disorder in structure leads to more
pronounced  effects  at  higher  temperatures.  These  insights
provide a robust foundation for future nonvolatile  memory
advancement,  which involves challenges of  integrating low-
temperature deposition process for back end of line (BEOL)
to  unleash  the  potential  of  amorphous  binary  oxides  and
fully realize its capabilities.

 4    Method
Sample  fabrication. For  electrical  measurements,  the
TaN/ZrO2/TaN metal-insulator-metal (MIM) capacitors are
fabricated on heavily  doped p-type silicon substrates  (resis-
tivity≈0.02  Ω·cm).  After  slicing  and  pre-cleaning,  the
bottom  electrode  of  80  nm-thick  TaN  were  deposition  by
reactive  sputtering.  Here,  to  favor  the  formation  of  the
TaOxNy interfacial  layer  (IL),  the  pressure  and  flow  of  N2
have  been  adjusted  and in-situ  oxidation  was  adopted.  The
oxygen  flow  rate  was  controlled  using  an  optical  emission
monitoring  system.  Then,  the  chips  were  loaded  into  a
plasma-enhanced  atomic  layer  deposition  (PEALD)  cham-
ber  for  12  nm-thick  ZrO2 dielectric  layer  deposition.  The
ZrO2 thin film was deposited at 280 °C using Zr[N(CH3)2]4
and  H2O  as  precursors  of  Zr  and  O,  respectively.  These
binary  oxide  films  were  deposited  under  oxygen-deficient
conditions  to  tune  the  concentration  of  oxygen  vacancies.
Subsequently,  the  top  electrode  with  thicknesses  of  40  nm
TaN  was  deposited  using  the  same  process  as  the  bottom
electrode.  Finally,  the  fabrication  of  MIM  Capacitors  with
amorphous ZrO2 dielectric was completed after the lithogra-
phy  patterning  and  dry  etching  process.  Further  the  MIM
Capacitor  with  crystallized  ZrO2 dielectric  was  obtained
after rapid thermal annealing at 500 °C for 30 s.

Characterization. The  polarization-voltage  (P-V),  and
current-voltage  (I-V)  measurements  were  carried  out  by
dynamic  hysteresis  measurement  modules  using  the  TF
Analyzer 3000. The measurement pulses were all performed
at 1 kHz unless otherwise specified. High-Resolution Trans-
mission Electron Microscopy (HRTEM) was performed with
FEI  Tecnai  G2 F20 operated at  200 kV.  The energy  disper-
sive  X-ray  spectroscopy  (EDS)  measurements  were
performed  using  a  Thermo  Fisher  Scientific  Spectra  300
transmission  electron  microscope  equipped  with  a  high-
sensitivity  EDS detector.  The  experimental  conditions  were
as  follows:  an  accelerating  voltage  of  300  kV,  an  estimated
probe diameter of ~0.1 nm, and an estimated beam current
of  ~120  pA.  The  nominal  convergence  semi-angle  was  25
mrad, and the collection angle ranged from 49 to 200 mrad.
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The energy dispersion was set to 0.1 eV per channel, and the
energy resolution,  determined from the zero-loss  peak,  was
approximately 0.6 eV. To reduce statistical uncertainty, each
spectrum was acquired with an accumulated collection time
of  60–120  s  using  multi-frame  integration.  Quantitative
analysis  was  carried  out  using  ZAF  correction,  and  a  stoi-
chiometric  ZrO2 reference  standard  was  employed  for  cali-
bration.  For  each  sample,  EDS  measurements  were
performed  at  no  fewer  than  five  different  locations  across
the film to account  for  possible  spatial  inhomogeneity.  The
oxygen  atomic  percentages  reported  in  this  work  represent
the  mean  values,  calculated  from  quantitative  STEM-EDS
analysis  according  to  the  ratio  [O]/([Zr]+[O]),  where  [O]
and  [Zr]  denote  the  atomic  concentrations  of  oxygen  and
zirconium,  respectively,  obtained  after  ZAF  correction.  We
acknowledge that  EDS is  generally  considered semi-quanti-
tative  for  light  elements  such as  oxygen,  especially  in  ultra-
thin  films.  Taking  into  account  counting  statistics,  back-
ground subtraction,  and systematic  uncertainties  associated
with light-element detection, we estimate the overall  uncer-
tainty  in the measured oxygen atomic percentage to  be less
than  ±3  at.%.  The  electrical  measurements  were  performed
using  a  Keithley  4200A-SCS  semiconductor  parameter
analyzer in the ambient atmosphere.

THz experimental measurement. In the experiment, the
THz radiation is generated via optical rectification in a 1 nm
thick  ZnTe  crystal.  Fast  Fourier  Transform  (FFT)  breaks
down a  signal  into  trigonometric  components,  such as  sine
and  cosine  waves.  It  expresses  the  signal  as  a  sum  of  sinu-
soids.  The  femtosecond  laser  used  in  the  experiment  has  a
repetition  frequency  of  1  kHz  providing  35  fs  pulses  at
central  wavelength  of  800  nm.  The  800  nm laser  is  divided
into two beams through the beam splitter, one beam is used
to  generate  THz  radiation  via  a  nonresonant  optical
rectification  in  a  1-mm-thick  <110>  ZnTe  crystal,  and  the
other beam is used to detect the THz pulses. The generated
THz  pulses  is  focused  on  the  sample  through  an  off-axis
parabolic mirror, transmitted to the sample, and is collinear
with  the  detection  pulse  to  irradiate  the  electro-optic  ZnTe
crystal.  Obtaining  THz  time-domain  spectral  signals
through electro-optic sampling method (Supplementary Fig.
S7). The transient THz electric field modulates and changes
the birefringence of ZnTe crystals. When the detection pulse
passes  through  the  ZnTe  crystal  with  a  refractive  index
change, the polarization state changes. The change in polar-
ization state corresponds to the electric field strength of the
THz pulse. By changing the time of the THz pulse relative to
the  detection  pulse  through  a  delay  line,  a  complete  THz
time-domain  spectrum  is  obtained  using  a  point  by  point
scanning  method  (Supplementary Fig.  S8).  The  region
where the THz beam is generated and detected is placed in a
vacuum  chamber  to  reduce  the  absorption  of  atmospheric
water  vapor  which  allows  measurements  from 380  K down
to 78 K. To properly address the temperature dependence of
substrate  optical  parameters,  we  independently  measured

the THz time-domain spectra of sapphire and reference over
the entire temperature range used in this  work (77–380 K).
The  temperature-induced  variations  in  the  absorbance  of
reference  were  quantitatively  extracted  and  subsequently
subtracted  from  the  sample  spectra.  This  procedure  allows
us to isolate the THz response of the ZrO2 thin films.

Density  functional  theory  (DFT)  calculations.  DFT
calculations  were  performed  within  the  Vienna  ab  initio
simulation  package  (VASP)  using  the  projector-augmented
wave  (PAW)  method64,65.  The  valence  electron  configura-
tions  were  2s  and  2p  for  O;  4s,  4p,  4d,  and  5s  for  Zr;  The
Perdew-Burke-Ernzerhof  functional  generalized  gradient-
approximation  type  (GGA-PBE)  was  adopted  to  treat  the
exchange-correlation.  The  atomic  positions  and  lattice
constants  were  fully  relaxed  until  the  atomic  Hellmann-
Feynman forces were smaller than 0.001 eV/Å in each direc-
tion.  The  force  constants  are  calculated  using  the  finite
difference  method.  The  Born  effective  charge  tensors  were
calculated  using  the  density  functional  perturbation  theory
(DFPT)  method.  Subsequently,  the  force  constants  and
dielectric  tensors  were  input  into the Phonopy software for
post-processing to obtain the infrared spectra66.
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