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Abstract: Flexible and transparent hafnium oxide-based ferroelectric films are attracting widespread attention because of
the  increasing  demand  for  wearable  electronic  devices.  However,  the  ultra-low  voltage  operation  with  robust  and  stable
ferroelectricity,  which  is  a  prerequisite  for  portable  device  applications,  has  not  been  realized  simultaneously.  Here,  we
report  flexible  Hf0.5Zr0.5O2 ferroelectric  films  with  a  saturation  voltage  of  only  1.3/3  V  and  remanent  polarization  (2Pr)  of
38/60  µC·cm2.  Negligible  wake-up  effect  and  superior  stability  resistance  to  compressive/tensile  stress  and  high
temperature  up  to  150  °C  are  also  demonstrated.  The  polarization  switching  dynamics  under  bending  are  investigated
based  on  the  switching  current  measurement,  suggesting  that  the  intrinsic  switching  speeds  keep  almost  constant  at
different bending radii. In addition, there is a negative correlation between the activation field and the compressive or tensile
stress,  which is  due to  the lowered energy barrier  induced by the in-plane strain  applied to  the [111]-oriented hexagonal
cell.  Our  work  sheds  light  on  the  application  of  flexible,  stable,  and  HfO2-based  ferroelectric  thin  films  with  ultra-low
consumption.
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1    Introduction
With the increasing demand for wearable electronic devices in the
age  of  intelligence,  flexible  electronics  have  attracted  increased
interest  because  of  their  portability,  flexibility,  light  weight,  and
user  friendliness  [1−6].  Among  them,  flexible  non-volatile
memory  is  one  of  the  most  important  devices  for  information
module.  Compared  with  commercialized  flash  memory,  the
emerging ferroelectric memory has the advantages of faster speed,
better  endurance,  and  lower  power  consumption  [7−9],  which
benefits  from  the  switchable  spontaneous  polarization  driven  by
the  electric  field.  Therefore,  ferroelectric  memory  is  considered  a
highly promising candidate for flexible electronics applications.

Recently, considerable efforts have been devoted to developing
energy-friendly  flexible  ferroelectric  memory.  Several  kinds  of
flexible  substrates  have  been  adopted,  such  as  polyimide  (PI)
[10−12],  polyethylene  naphthalate  (PEN)  [13],  polyethylene
terephthalate  (PET)  [14],  and  mica  [15,16].  In  particular,  mica
substrates  have  been  widely  chosen  because  they  have  the
advantages  of  atomically  smooth  surface,  chemical  stability,  and
mechanical  flexibility.  As  flexible  ferroelectric  thin  films  are

functional  materials,  their  fabrication  and  performance  are  the
key.  Traditional  ferroelectrics  with  perovskite  structures  (such  as
lead  zirconate  titanate  (PZT))  [17,18]  have  been  extensively
studied.  However,  the  severe  size  effect  leads  to  poor  thickness
scalability  (commonly  limited  to  40  nm)  and  thus  a  high
erase/program  voltage  of  5  V  [19].  This  brings  challenges  for
device  ministration  and  low-power  operation.  Moreover,  lead-
containing  materials  should  be  treated  with  caution  in  flexible
electronics because of their ability to damage the environment and
human  health  [10].  In  addition,  organic  ferroelectrics,  including
polyvinylidene  fluoride  (PVDF)-based  polymers  and  n-nylon,
have  been  used  to  prepare  flexible  ferroelectric  memory  [20,21].
However,  their  wide  applications  are  hindered  by  their
unsatisfactory  thermal  stability  and  high  operation  voltage.
Fortunately, ferroelectricity was discovered in doped HfO2 films in
2011  [22].  They  also  exhibit  considerable  advantages,  such  as
robust  scalability,  simple  chemical  composition,  and  excellent
stability,  providing  a  brand-new  opportunity  for  ferroelectric
memory.  Indeed,  the  potential  of  HfO2-based  ferroelectric  thin
films in flexible electronics has been a research highlight. Li et al.
[14]  prepared  a  10  nm  Zr-doped  HfO2 film  on  a  flexible  PET
substrate,  confirming  its  excellent  mechanical  toughness.  In
addition,  the  all-inorganic,  transparent,  and  highly  flexible
Hf0.85Ce0.15O2 ferroelectric  thin  films  grown  on  indium  tin
oxide/mica  by  the  sol-gel  method  were  realized  in  our  previous
work  [23].  These  findings  indicate  the  great  potential  of  HfO2-
based  ferroelectric  films  for  flexible  electronics  applications.
However,  to  integrate  ferroelectric  thin  films  into  advanced
ferroelectric  memories,  the  operating  voltage  should  be  further
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reduced  on  the  premise  of  high  remnant  polarization  [24,25].
Moreover,  the  wake-up  effect  in  HfO2-based  ferroelectric  thin
films,  represented  by  the  gradually  increased  polarization  as  a
function of  the number of  field  cycles  in  the fresh stage,  is  still  a
challenge  for  stable  device  design.  Therefore,  it  is  urgent  to
develop  flexible,  wake-up  free,  and  stable  ferroelectric  thin  films
with ultra-low operating voltage and high remnant polarization.

In  this  work,  Hf0.5Zr0.5O2 (HZO)  ferroelectric  films  are  scaled
down via the atomic layer deposition (ALD) method with flexible
mica as the substrate.  We realized an ultra-low operation voltage
of 1.3 V in the HZO thin film, which retains robust ferroelectricity
with  a  remnant  polarization  (2Pr)  of  38  µC/cm2.  Moreover,  a
robust 2Pr of 60 µC/cm2 was obtained with an operating voltage of
3  V.  The  film  barely  exhibited  a  wake-up  effect  because  of  the
suppressed  oxygen  vacancies  at  the  ferroelectric/metal  interfaces.
Moreover,  the  polarization  switching  mechanism  under  bending
was  carefully  investigated,  indicating  the  reduced  activation  field
derived  from  the  effects  of  in-plane  stress.  The  reliability  of
ultrathin ferroelectric thin films in different service environments
was also comprehensively investigated.

2    Experimental

2.1    Fabrication
Fabrication  of  flexible  ferroelectric  hafnium-based  oxide  films:
The  W  bottom  electrode  was  sputtered  on  a  mica  substrate
[KMg3(AlSi3O10)F2]  (Hefei  Kejing  Material  Technology  Co.,  Ltd.,
China).  Subsequently,  the  W  film  as  the  bottom  electrode  was
sputtered  on  the  mica  substrate  by  the  magnetron  sputtering
technique.  Then,  HZO  films  with  thicknesses  of  6.8,  11.8,  and
21.8  nm  were  grown  by  ALD.  Tetrakis(dimethylamido)hafnium
(TDMAH),  tetrakis(dimethylamino)zirconium  (TDMAZ),  and
deionized  water  were  used  as  Hf-,  Zr-precursors,  and  oxygen
sources,  respectively.  In  addition,  HZO  films  were  grown  at
270 °C by adopting Hf-to-Zr ALD cycle ratio of 5:5. After that, W
was sputtered as the top electrode via a shadow mask. Finally, all
the  samples  were  annealed  in  N2 atmosphere  at  550  °C  for  30  s
using a rapid thermal processing system.

2.2    Characterization
Microstructural  characterization:  To  obtain  diffraction
information, surface morphology, surface phase, and piezoelectric
coefficients  of  ultrathin  HZO  films,  the  W  top  electrode  was
removed  by  a  solution  etching  process  after  post-metallization
annealing.  The  structural  properties  of  HZO  thin  films  were
characterized  by  a  grazing  incidence  X-ray  diffractometer
(GIXRD; Rigaku Smartlab 9 kW, Japan). The surface morphology,
local  domain switching characteristics,  and piezoelectric response
were  tested  using  a  piezoelectric  force  microscope  (PFM;  Bruker
Dimension  Icon,  Germany).  The  microstructure  of  HZO  thin
films was characterized via a high-resolution transmission electron
microscope  (HRTEM;  FEI  TALOS  F200X,  USA).  An  energy
dispersive  X-ray  spectroscope  (EDX;  FEI  TALOS  F200X,  USA)
was  ultilized  to  verify  the  element  distributions  of  the  cross-
sectional W/HZO/W/mica structure.

Electrical  property  characterizations:  The  ferroelectric
properties,  polarization  flipping,  endurance,  and  retention
performance of the flexible HZO thin films were determined via a
TF 3000 analyzer  (aixACCT,  Germany)  equipped with a  heating
module.  Capacitance  versus  voltage  (C–V),  capacitance  versus
frequency  (C–F),  and  current  density  versus  voltage  (J–V)
characteristics  were  evaluated  using  a  semiconductor  device
parameter analyzer (4200A-SCS, Keithley, USA).

3    Results and discussion

1̄

3̄

Figure  1(a)  shows  a  photo  of  the  HZO/3  nm  W/mica  structure
and  a  schematic  diagram  of  the  flexible  ferroelectric  capacitors.
The polarization (P)–voltage  (V)  loops  of  W/HZO/W/mica  with
different  bottom  electrode  thicknesses  and  the  corresponding
optical  transmittance  spectra  are  shown  in  Fig.  S1  in  the
Electronic Supplementary Material (ESM). When the thickness of
the W bottom electrode decreases to 3 nm, the transparency of the
HZO/W/mica  structure  could  reach  65%.  The  6.8-,  11.8-,  and
21.8-nm-thick  HZO  ferroelectric  thin  films  grown  on  W/mica
were measured by GIXRD with a grazing incidence angle of 0.5°,
as  shown  in Fig.  1(b).  To  obtain  the  diffraction  information  of
ultra-thin  HZO  films,  the  W  top  electrode  was  removed  by  a
solution  etching  process  after  post-metallization  annealing  [15].
The  diffraction  peak  at  27.5°  corresponds  to  substrate  (003)mica
[26].  The  diffraction  peaks  at  30.5°,  35.5°,  and  50°  represent  the
presence of (111)o/(101)t, (002)o/(110)t, and (202)o/(200)t of HZO,
respectively. After the thickness of the HZO film reaches 21.8 nm,
diffraction peaks at 28.6° and 31.6° representing the existences of
( 11)m and  (111)m appear  obviously.  Although  the  diffraction
peak  at  30.5°  might  correspond  to  the  orthorhombic  (o)  and/or
tetragonal (t) phases, researchers have demonstrated that this peak
is  evidence  of  ferroelectricity  in  HfO2-based  films  [27,28].  The
surface morphology of the HZO/W/mica structure with an area of
5  μm  ×  5  μm  exhibits  a  root-mean-square  roughness  (Rq)  of
425 pm, confirming the flat surface of the HZO film, as presented
in Fig. S2 in the ESM. Figure 1(c) shows the local PFM amplitude
and phase hysteresis loops of the HZO ferroelectric thin film. The
PFM phase curve shows a phase difference of approximately 180°,
indicating the ferroelectric switching behavior in HZO. The PFM
butterfly  curve  shows  that  the  film  has  a  good  positive
piezoelectric  coefficient.  In  addition,  we  also  observed  negative
piezoelectric  effects  in  other  regions  of  the  same  sample,  as
displayed  in  Fig.  S3  in  the  ESM,  which  may  be  due  to  the
coexistence of  opposite  switching pathways of  HfO2 [29],  so  that
the films have both positive and negative piezoelectric effects. We
selected a 3 μm × 3 μm region on the HZO film and applied direct
current  (DC)  voltage  with  the  same  magnitude  and  opposite
direction to the left and right sides of this region for “writing” and
“erasing” operations.  We  showed  the  results  in Fig.  1(d).  An
obvious  contrast  with  a  phase  difference  of  180°  and  very  sharp
boundary  is  found,  suggesting  that  the  ferroelectric  domains  can
be completely switched. Our previous work [23,30] reported stable
local  PFM  amplitude  and  phase  hysteresis  loops  and  an  out-of-
plane PFM piezoresponse phase under bending conditions, which
provides  a  basis  for  subsequent  research  on  domain  flipping
dynamics  under  bending  conditions.  HRTEM  was  utilized  to
further  study  the  microstructure  of  HZO  thin  films. Figure  1(e)
shows  a  cross-sectional  HRTEM  image  of  the  W/HZO/W
capacitor  on the  mica  substrate,  confirming that  the  thickness  of
the  HZO  film  was  ~6.8  nm.  The  fast  Fourier  transform  (FFT)
diffractogram  pattern  of  the  selected  region  in  the  HZO  films  is
displayed  in  the  right  panel.  This  indicates  the  formation  of  a
ferroelectric  phase  corresponding  to  the  [ 41]  zone  axis  of
orthorhombic  HfO2.  The d-spacings  of  (212)  and  (321)
crystallographic planes are 1.81 and 1.383 Å, respectively, which is
consistent  with  the  theoretical  values  of  the  orthorhombic  phase
HfO2 (Pca21)  [31,32]. Figure  1(f)  shows  the  EDX  elemental
mapping  of  the  W/HZO/W/mica  structure.  The  distributions  of
Hf,  Zr,  O,  W,  and  Mg  elements  were  characterized  by  line
scanning.  The  interfaces  between  each  film  are  clear  without
mutual diffusion. Figure S4 in the ESM shows an enlarged upper
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interface  of  the  HRTEM image  in Fig.  1(e).  There  is  no  obvious
WOx layer at the interface, which suppresses the oxygen vacancies
at the W/HZO interface.

Figure 2 shows the performance of HZO ferroelectric thin films
on flexible  mica  substrates  with  different  thicknesses. Figure  2(a)
shows the P–V loops of  HZO thin films with varied thickness at

 

Fig. 1    Photograph and microscopic characterization of HZO ferroelectric capacitors on flexible mica: (a) photograph of HZO/3 nm W/mica structure and schematic
diagram of W/HZO/W/mica structure; (b) GIXRD patterns of different thicknesses; (c) local PFM amplitude and phase hysteresis loops, and (d) out-of-plane PFM
piezoresponse  phase  image  of  HZO/W/mica;  (e)  HRTEM  images  of  cross-section,  and  (f)  cross-sectional  high-angle  annular  dark-field  (HAADF)  image  and
corresponding EDX mapping of W/HZO/W/mica thin films.
 

Fig. 2    Performances of ferroelectric capacitors on mica substrates with different HZO thicknesses: (a) P–V loops obtained by PUND measurement, (b) polarization
evolutions during initial field cycling, (c) endurance characteristics, (d) C–F curves, and (e) retention performance. (f) P–V loops obtained by PUND measurements of
6.8 nm HZO ferroelectric thin films under different voltages.
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positive-up-negative-down  (PUND)  measurements  (for P–E
loops, see Fig. S7(a) in the ESM). The saturation voltage is scaled
from 5 V down to 1.5 V as the film thickness is reduced from 21.8
to  6.8  nm.  The  remnant  polarization  is  enhanced  when  the
thickness of HZO films decreases from 21.8 to 11.8 nm because of
the  special  reverse  size  effect  of  HfO2-based  ferroelectrics  [33].
This is  consistent with the GIXRD results (Fig.  1(b)) that the m-
phase  clearly  exists  in  the  21.8-nm-thick  film.  When  the  film
thickness is  reduced to 6.8 nm, the 2Pr is  reduced because of the
damage from leakage shielding [34]. The excellent ferroelectricity,
with 2Pr values of 38 µC/cm2,  can still be retained in the 6.8-nm-
thick film. The polarization evolution of HZO films as a function
of  the  number  of  field  cycles  is  shown  in Fig.  2(b).  Repeated
rectangular pulses with a frequency of 100 Hz are applied, which
are  commonly  used  to “wake  up” HfO2-based  ferroelectrics
[35,36].  The main causes  of  the wake-up effect  are  the transition
from t- to o-phases or the transition from amorphous to o-phases,
as  well  as  the  redistribution  of  oxygen  defects  [37].  With  the
decrease of thickness,  the phase components that can undergo t-
to  o-phases  transition  and  the  diffusion  of  oxygen  defects  are
suppressed.  Therefore,  the  wake-up  effect  is  weakened  when  the
film  thickness  decreases.  The P–V loops  obtained  by  PUND
measurement  and C–V curves  of  HZO  films  with  different
thicknesses before and after the repeated field cycles are displayed
in  Fig.  S5  in  the  ESM.  Moreover,  Fig.  S6  in  the  ESM  shows  the
P–V loops and I–V curves of HZO films with different thicknesses
before  and  after  repeated  field  cycles.  This  is  mainly  due  to  the
high proportion of o-phase after annealing, which suppresses the
phase  transition.  The C–V curves  and  dielectric  loss  curves  of
HZO with different thicknesses at a test frequency of 100 kHz are
shown in Figs. S7(b) and S7(c) in the ESM. Clearly, they all exhibit
representative  butterfly  curves,  demonstrating  good  ferroelectric
switching  behavior.  The C–F curves  with  frequencies  varying
from 1 kHz to 1 MHz are depicted in Fig. 2(d), suggesting better
frequency dispersion performance in the 6.8 nm HZO film, which
is due to the decrease in defects in thinner films [38]. In addition,
the 6.8-nm-thick HZO film exhibits better endurance (i.e., over 2

orders  of  magnitude  greater  than  that  of  its  counterparts),  as
shown  in Fig.  2(e).  The  breakdown-type  fatigue  failure  is  due
mainly to the formation of defect paths. The thicker the film is, the
longer the distance for electrons to accelerate; thus, more energy is
obtained  from  the  electrons,  causing  more  severe  damage  to  the
film  [38].  Retention  performance  of  HZO  films  with  different
thicknesses  after  ±1.5,  ±3  V,  and  ±5  V  programming/erasing,  as
illustrated in Fig. 2(e). The Pr value remains essentially unchanged,
indicating  that  the  film  can  still  maintain  good  non-volatile
performance after 104 s. Figure 2(f) shows the P–V hysteresis loops
of a 6.8 nm HZO film under different voltages obtained by PUND
measurement. Figure S7(e) in the ESM shows the statistical graphs
of  ±Pr and  ±Vc in Fig.  2(f).  We  also  measured P–E curves  with
different pulse heights, as shown in Fig. S7(d) in the ESM. When
the  voltage  reaches  1.3  V,  the  remnant  polarizations  of  the  thin
film  reach  saturation,  demonstrating  the  ultra-low  operation
voltage. Figure S7(f) in the ESM shows the retention performance
of  6.8  nm  HZO  ferroelectric  thin  films  after  ±1.3  V
programming/erasing, and the result exactly coincides with that in
the  case  of  ±1.5  V.  This  further  demonstrates  an  ultra-low
saturation voltage of 1.3 V.

Figure  3(a)  shows  test  photographs  and  schematic  diagrams
with  a  bending  radius  of  ±2.5  mm  under  saturated  voltage
conditions of 1.5 V. The prepared flexible HZO film was fixed on
a  mold  with  a  bending  radius  of  ±2.5  mm  by  double-sided
adhesives,  and  the  film  remained  intact. Figure  3(b)  shows  the
P–V loops  of  the  6.8  nm  HZO  thin  films  with  various  bending
radii  during  the  PUND  measurements  (for P–E loops,  see
Fig.  S8(a)  in  the  ESM).  When  the  bending  radius  is  ±12.5  and
±7.5  mm,  the  saturation  remnant  polarization  (2Pr),  positive
coercive  voltage  (V+),  and  negative  coercive  voltage  (V−)  are
approximately 38 µC/cm2,  +0.95 V, and −0.88 V, respectively. As
the bending radius  decreases  to  ±2.5  mm, the coercive  voltage is
slightly  increased,  and  the  2Pr value  is  slightly  decreased.  The
endurance  characteristics  under  different  bending  radii  are
illustrated  in Fig.  3(c).  Bending  radii  of  ±  12.5  and  ±  7.5  mm
basically  maintain  the  same fatigue  performance  as  the  flat  state,

 

Fig. 3    Performance tests of flexible 6.8 nm HZO ferroelectric thin films under different bending radii: (a) test photos and schematic diagrams with a bending radius of
±2.5 mm; (b) P–V loops obtained by PUND measurement; (c) endurance characteristics; (d) switched polarization (△Psw) as a function of pulse width and Lorentz
distribution function. The dots and solid lines represent the experimental data and fitting results according to the nucleation-limited switching (NLS) model. (e) Extracted
activation energy under stress. (f) P‒V loops for PUND measurements at different temperatures.
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reaching  106 cycles.  When  the  bending  radius  is  reduced  to
±2.5 mm, the fatigue property decays earlier, indicating a possible
slight  interface  defect  [39].  In  addition  to  studying  the
macroscopic polarization behavior under bending conditions, it is
necessary  to  further  explore  the  domain  flipping  dynamics.  The
test  principle is  shown in Fig.  S10 in the ESM. A series of  pulses
with widths of 100 ns–100 µs were applied to a bent 6.8 nm HZO
ferroelectric film with a pulse amplitude of 1.5 V. The pulse width-
dependent  switched  polarization  (△Psw)  is  illustrated  in  the  left
axis  of Fig.  3(d).  The  right  axis  of Fig.  3(d)  shows  the  Lorentz
distribution of  the switching times extracted from the left  axis  of
Fig.  3(d)  with a  pulse  amplitude of  1.5  V.  As the bending radius
decreases, the switching speed increases slightly, and the switching
time distribution widens slightly. This is due to the slight increase
in internal defects caused by bending, resulting in a slight decrease
in  spatial  uniformity  [40].  In  general,  the  switching  speed  and
switching time distribution remain stable under different bending
radii.  Moreover,  Fig.  S11  in  the  ESM  shows  the  switched
polarization △Psw as  a  function  of  the  pulse  width  and  Lorentz
distribution  function  under  Si  and  mica  substrates.  By
comparison, the extracted ferroelectric domain flipping speeds are
1.69 µs for the mica substrate and 3.5 µs for the Si hard substrate,
and the faster domain switching speed in the former might be due
to the differences in the W/Si and W/mica interfaces. The former
inevitably forms a SiO2 interfacial  layer,  such as a voltage divider
and  a  defect-enriched  region.  This  may  reduce  the  domain
switching speed. The latter is the van der Waals interface, which is
defect free [41]. Therefore, the HZO ferroelectric capacitor grown
on  mica  substrates  has  a  faster  domain  switching  speed.
Figure S12 in the ESM shows the polarization switching dynamics
for the 6.8-nm-thick HZO film with different top electrode areas.
The switching speed increases with the decrease of capacitor area.
Through  the  linear  fitting  extension  line  [42],  we  can  expect  an
ultra-fast  switching  speed  of  ~1.2  ns  when  the  capacitor  scales
down to 1 µm2. Figure 3(e) shows changes in the activation energy
under  different  strain  conditions.  Figures  S13–S15  in  the  ESM
show fitting  diagrams  of  activation  energies  with  strains  of −1%,
−0.33%, −0.17%,  0,  0.17%,  0.33%,  and  1%,  respectively.  We
discover  that  the  activation  energy  decreases  with  increasing
strain, which will be discussed later. Furthermore, the temperature
dependency  of  the  ferroelectricity  of  the  flexible  ferroelectric
capacitor  was  investigated.  Figure  S8(b)  in  the  ESM  shows  the
P–E loops of HZO thin films at varied temperatures. According to
the P–V loops  obtained  by  PUND measurement  in Fig.  3(f),  we
confirm  the  constant  remnant  polarization  when  the  service
temperature  is  below  120  °C.  When  the  temperature  reaches
150 °C, its 2Pr slightly decays to 37 µC/cm2. It is believed that this
phenomenon is related to the change in pyroelectric properties at
high temperatures  [43,44].  Figure S9 in the ESM shows the P–V
loops for the 11.8-nm HZO ferroelectric thin films under different
bending  radii  and  different  temperatures.  When  the  bending
radius  reaches  ±2.5  mm  and  the  working  temperature  reaches
150  °C,  excellent  ferroelectricity  and  stability  are  maintained.
Moreover,  the C–V curves  are  shown  in  Fig.  S8(c)  in  the  ESM,
and  there  is  a  slight  increase  in  the  relative  dielectric  constant,
which  is  due  to  an  increase  in  the  dipole  moment  of  polar
molecules.

Figure 4 systematically compares the operating voltage, service
temperature,  and  2Pr of  the  flexible  HZO  ferroelectric  films
[10−12,14−16,30,45−47]. Obviously, our 6.8 nm flexible HZO film
has  an  ultralow  operating  voltage  of  1.3  V,  and  the  2Pr of  the
11.8 nm HZO film reaches 60 µC/cm2 at a low operating voltage
of 3 V.

To  understand  the  origin  of  bending-induced  variation  in  the

activation  electric  field,  the  strain  effects  on  the  polarization
reversal of [111]-oriented Pca21-phase HfO2 were then studied via
first principles calculations based on the density functional theory
(DFT)  approach.  Since  there  is  no  obvious  asymmetry  in  the
ferroelectricity  of  the  bent  film,  we neglect  the  bending-induced-
strain gradient effect in the calculation.

The  DFT  calculations  were  carried  out  within  the  Vienna ab
initio simulation  package  (VASP)  code  via  the  projector-
augmented-wave  (PAW)  method  [48].  The  Perdew–Burke–
Ernzerhof (PBE) generalized gradient  approximation (GGA) was
used for exchange and correlation functions [49]. The plane wave
cutoff  energy  was  set  to  450  eV.  The  first  Brillouin  zones  were
sampled by using 5 × 5 × 5 and 7 × 7 × 7 Monkhorst–Pack grids
for  the  [111]-oriented  hexagonal  cell  (with  36  atoms)  and
conventional  orthorhombic  unit  cell  (with  12  atoms)  of Pca21-
phase  HfO2, as  shown  in Fig.  5(a),  respectively.  The  calculated
lattice constants for the strain-free [111]-oriented hexagonal HfO2
cell are 7.28, 7.14, and 8.86 Å, and those of the orthorhombic unit
cell  are  5.25,  5.04,  and  5.07  Å,  respectively,  which  is  consistent
with previous studies [50]. As shown in Fig. 5(b), the polarization
reversal along the C:N pathway with O atoms not through the Hf
atomic  planes,  which  has  the  lowest  energy  barrier  for  uniform
switching  [50],  was  simulated  in  the  hexagonal  cell  based  on the
climbing  image  nudged  elastic  band  (CI-NEB)  approach.  The
polarization  switching  energy  barrier  was  calculated  to  be
0.365 eV per 12 atoms [51], which is in good agreement with that
(0.373  eV)  obtained  in  the  orthorhombic  cell  in  our  previous
study [50].

Then,  in-plane  (IP)  biaxial  strains  were  applied  to  the
hexagonal  cell  by  fixing  the  IP  lattice  constants  and  relaxing  the
out-of-plane  (OOP)  lattice  and  all  the  atoms.  Subsequently,  the
polarization  reversal  in  the  strained  cells  was  simulated.
Interestingly,  it  is  found  that  the  polarization  switching  energy
barrier decreases when both IP tensile and compressive strains are
applied  (Fig.  5(c)).  This  result  is  in  good  accordance  with  our
experimental  results  that  the activation electric  fields  are  reduced
by both positive  and negative  curvature  bending.  Since  the  same
decrease  in  the  energy  barrier  under  tensile  and  compressive
strains  seems  counterintuitive  compared  with  the  generally
accepted  strain  effects,  we  further  examined  the  variation  in  the
atomic  structures  in  both  hexagonal  and  orthorhombic  cells.  As
shown in Fig. 5(d), the OOP lattice constant (c0) of the hexagonal
cell  varies  conversely  with  the  IP  lattice  constants  (a0 and b0),

 

Fig. 4    Benchmarks of 2Pr, operation voltage, and service temperature for HZO
ferroelectric films.
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which exhibits a typical positive Poisson’s ratio. Then, we plot the
variation in the lattice constants (a, b, and c) and angles (α, β, and
γ)  between  the  axes  of  the  orthorhombic  cell  caused  by  the  IP
strain in Fig. 5(e). The applied IP strain results in a linear increase
in  the  lattice  angle  and  a  slight  increase  in  all  three  angles.  To
determine  the  relationship  between  the  lattice  angle  and
polarization  switching  energy  barrier,  we  further  simulated  the
polarization  reversal  in  orthorhombic  cells  with  varying  lattice
angles.  As  shown  in Fig.  5(f),  the  energy  barrier  variation  agrees
well  with  that  obtained  in  the  IP-strained  hexagonal  cell,
confirming that the energy barrier is indeed reduced by increasing
and decreasing the lattice angles, which is essentially caused by the
IP strain applied to the [111]-oriented hexagonal cell.

To  further  investigate  the  effect  of  bending  cycles  on  flexible
6.8 nm HZO ferroelectric thin films, we repeated bending for 10,
102,  and  103 cycles  with  a  bending  diameter  of  7.5  mm.  Figure
S16(a)  in  the ESM shows the P–E loops of  HZO thin films after
different  numbers  of  bending  cycles.  To  remove  the  effect  of
leakage current, Fig. 6(a) shows the P–V loops of HZO thin films
with  different  numbers  of  bending  cycles  during  the  PUND
measurement. The remnant polarization and coercive voltage are
basically  consistent. Figure  6(b)  shows  the  corresponding C–V
curves at  a  testing frequency of  100 kHz.  Clearly,  they all  exhibit
representative  butterfly  curves,  and  their  relative  dielectric
constant  also  remains  constant.  Figure  S16(b)  in  the  ESM shows
the dielectric loss curves at a testing frequency of 100 kHz, and we

 

Fig. 5    Crystal structures and polarization switching energy profiles of [111]-oriented orthorhombic HfO2 under in-plane (IP) strain, as determined via DFT calculations.
(a)  Crystal  structure  of  [111]-oriented  HfO2.  The  right  panel  shows  lattice  of  orthorhombic  cell.  (b)  Polarization  switching  mode  considered  in  simulation.
(c)  Polarization  switching  energy  barrier  per  12  atoms  under  applied  IP  strain.  Strain-induced  lattice  variation  in  (d)  hexagonal  and  (e)  orthorhombic  cells.
(f) Polarization switching energy barrier varying with lattice angle (blue line). Data in (c) are replotted with red lines for comparison.

 

Fig. 6    Performance testing of  flexible  6.8  nm HZO thin films after  certain bending cycles  with a  bending diameter  of  7.5  mm: (a) P–V loops  obtained by PUND
measurement; (b) C–V curves; (c) J–V curves; (d) endurance characteristics; (e) retention performance; and (f) switched polarization △Psw as a function of pulse width.
The dots and solid lines represent experimental data and fitting results according to NSL model.
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find  that  the  dielectric  loss  basically  remains  unchanged  with
increasing number of  bending cycles.  The non-switching leakage
current  density  is  almost  independent  of  the  number of  bending
cycles (Fig. 6 (c)). The endurance performance is shown in Fig. 6(d).
After  103 cycles  of  bending,  the  polarization  of  the  6.8  nm HZO
film  changes  very  little  and  remains  stable  at  2×107 cycles,  as
determined  by  the  fatigue  resistance  test.  Retention  performance
of  the  6.8  nm  HZO  thin  films  after  programming/erasing  at
±1.5 V, as shown in Fig. 6(e). After 103 cycles of bending, the 2Pr
value  remains  basically  unchanged,  indicating  that  the  film  can
still maintain good non-volatile performance after 104 s. Therefore,
the  flexible  6.8  nm  HZO  ferroelectric  thin  films  have  good
repeatable bending properties. Figure 6(f) shows a series of pulses
with  widths  of  100  ns–100  µs  applied  to  a  flexible  6.8  nm  HZO
ferroelectric  film  at  a  voltage  of  1.5  V.  The  dots  represent  the
measured data, and the solid lines are fitted results using the NLS

model.  Through  comparison,  it  is  found  that  the  flipping  speed
does not change significantly after bending 103 times. This further
indicates that the thin film has good stability.

Table  1 compares  the  differences  in  the  basic  parameters  of
flexible  ferroelectric  thin  films  between  this  work  and  previous
works.  The  organic  polymer  substrate  does  not  have  high
temperature  resistance,  and  the  thickness  of  traditional
ferroelectric  films  prepared  on  mica  substrates  is  too  thick  for
micro integration; the operating voltage of the HZO film prepared
on mica substrates is greater than 3 V, which is not conducive to
the  preparation  of  portable  devices.  However,  the  6.8  nm  HZO
ferroelectric  film  prepared  on  mica  substrates  in  this  study  has
high ferroelectric properties, ultra-low operating voltage of 1.3 V,
high  operating  temperature  of  150  °C,  and  excellent  bending
resistance,  which  is  very  suitable  for  the  preparation  of  portable
devices.

 
 

Table 1    Comparison of several flexible ferroelectric memory elements

Ferroelectric material Substrate Deposition
technique

Thickness
(nm)

Polarization
(µC/cm2)

Operation
voltage (V)

Minimum bending
radius (mm)

Working
temperature (°C) Ref.

HZO PI ALD 30 20 ±6.0 5.0 25 [10]
HZO PI ALD 10 42 ±3.0 2.0 25 [11]
HZO PI ALD 10 54 ±3.0 5.0 25 [12]

P(VDF-TrFE) PEN Spin-coating 120 17 ±24.0 7.0 25 [13]
HZO PET ALD 10 40 ±3.0 3.0 25 [14]
HZO Mica ALD 10 50 ±3.5 2.0 25 [15]
HZO Mica ALD 8 32 ±3.5 5.0 25 [16]
PZT Mica PLD 180 98 ±10.0 4.0 200 [17]
PZT Mica PLD 500 80 ±5.0 5.0 200 [18]

Hf0.85Ce0.15O2 Mica Sol–gel 116 32 ±37.0 2.5 150 [23]
Hf0.6Zr0.4O2 Mica ALD 15 24 ±3.0 ±5.0 150 [30]

HZO Mica ALD 18 22 ±3.5 7.5 125 [45]
HZO Mica ALD 20 32 ±3.0 4.0 25 [46]
HZO Mica ALD 11.4 50 ±5.0 5.0 25 [47]
HZO Mica ALD 6.8/11.8 38/60 ±1.3/3.0 ±2.5 150 This work

 

4    Conclusions
In  summary,  we  realized  flexible,  wake-up  free,  and  stable  HZO
ferroelectric  films  with  ultra-low operation  voltage  (1.3/3  V)  and
robust  polarization  (2Pr of  38/60  µC/cm2).  The  high  service
temperature  of  150  °C  and  up  to  103 cycles  of  bending  are  also
demonstrated  for  the  flexible  thin  films.  Within  a  ±2.5  mm
bending radius, HZO thin films show stable remnant polarization,
robust fatigue resistance, and retention properties. In addition, we
carefully  investigated  the  impact  of  bending  on  the  polarization
switching  properties  and  found  that  the  distribution  of  the
polarization switching time remained similar to the change in the
bending  radius  and  the  activation  field  was  negatively  correlated
with  the  compressive  and  tensile  stresses.  Finally,  we
computationally  demonstrated  that  the  reduced  activation  field
under bending was due to the lowered energy barrier induced by
the  in-plane  strain  applied  to  the  [111]-oriented  hexagonal  cell.
This  work  provides  a  solid  foundation  experimentally  and
theoretically  to  adopt  the  HfO2-based  ferroelectric  thin  films  in
various  flexible  devices,  such  as  electronic  displays,  flexible
ferroelectric memory, and wearable devices.
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