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ABSTRACT: The recent demand for analogue devices for
neuromorphic applications requires modulation of multiple
nonvolatile states. Ferroelectricity with multiple polarization
states enables neuromorphic applications with various
architectures. However, deterministic control of ferroelectric
polarization states with conventional ferroelectric materials has
been met with accessibility issues. Here, we report
unprecedented stable accessibility with robust stability of
multiple polarization states in ferroelectric HfO,. Through the
combination of conventional voltage measurements, hysteresis
temperature dependence analysis, piezoelectric force micros-
copy, first-principles calculations, and Monte Carlo simula-
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tions, we suggest that the unprecedented stability of intermediate states in ferroelectric HfO, is due to the small critical volume
size for nucleation and the large activation energy for ferroelectric dipole flipping. This work demonstrates the potential of
ferroelectric HfO, for analogue device applications enabling neuromorphic computing.

KEYWORDS: FeRAM, ferroelectric, multilevel, analogue device, HfO,

B INTRODUCTION

The massive demand for versatile analogue devices in
neuromorphic computing is a major issue for artificial
intelligence applications. Machine learning and deep learning,
based on both discriminative and generative models, require a
neural network that includes memory, a memory-read/write
head, state register, and memory write rules with analogue
weight and bias parameters. From an analogue perspective,
conceptual devices with multiple nonvolatile states for
multiply-accumulate operations have been proposed through
hardware implementation that replaces the data transfer of
weight and bias values with a bus between the physical
memory and processor.”” To this end, various architectures
can be constructed based on a ferroelectric framework, in
which partial polarization switching is possible. For example,
variable ferroelectric polarization in conventional devices
involving stacked ultrathin films can be used for tunneling
junctions with multiple resistance states.”* In addition,
modulation of the physical properties of matter by the
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ferroelectric field effect with analogue polarization values has
been proposed for single-transistor architectures in nonvolatile
memory.” Irrespective of the mechanisms used for data storage
modulation, explicit control of ferroelectric polarization
switching, especially unsaturated ferroelectric polarization
hysteresis subloops, is a key factor in achieving the desired
properties in these analogue devices.

Recently, diverse approaches to achieve stable subloop
polarization states have been demonstrated through the
external circuit element and material’s internal or external
factors. The external circuit elements such as transistors which
limit undergoing current control the portion of the ferro-
electric domain flipping via restraint of the ferroelectric domain
wall motion and/or nucleation processes.” However, the
compliance level of transistors is beyond the contemporary
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specification of memory device applications, in which scaling
problems and additional resistive—capacitance delay (e.g, in
memory cell transistors) present complications with respect to
achieving optimal device performance.”® On the other hand,
although the mediation of the material’s external factors such
as interfacial layer’ or defect dipoles'® enabled the multilevel
polarization states, the artifacts raised the fatigue and imprint
problems.' "> The control of the material’s internal structural
variants through multilayer heterostructure,'”'* structural
instability'®'® or ferroelastic twin domains achieved
multilevel polarization states. However, these approaches are
constrained by the limited number of switching states or

incontrollable twin domains due to the predefined electrostatic
19,20

17,18

energies.

Considering the broken inversion symmetry of ionic
configurations, an external electric field is a direct external
stimulus for macroscopic ferroelectric switching. With respect
to the magnitude of the external electric bias, systematic
variation of the ferroelectric polarization can be achieved,
leaving behind many or continuous intermediate polarization
states. To control the polarization precisely, active modulation
of the amplitude, duration, and/or repetition of an external
stimulus has been considered. However, because of the
complicated switching mechanism of ferroelectrics and/or
defect-induced uncertainties,”' = multiple attempts using the
aforementioned stimuli have yet to reach finite analogue states
with the desired accuracy without the cost of delayed
switching, fatigue, or imprint problem. In addition, this
instability of multilevel polarization states is worsened in
small material volumes, inhibiting practical downscaled device
application.”

Recently, hafnium (Hf)-based ferroelectrics have attracted
much attention, due not only to their compatibility with
current complementary metal—oxide—semiconductor
(CMOS) technology but also their use as an alternative to
perovskite ferroelectrics.”*~>" Despite having a large sponta-
neous polarization, perovskite materials have struggled with
poor compatibility with CMOS technology and switching
limitations because of their small band gap and oxygen
instability. However, since the discovery of ferroelectricity in
HfO,, subsequent investigations have revealed the robust
switching behavior of this material.”*~*° In tunneling junction
devices and ferroelectric field-effect transistors, polarization
switching stability has been investigated extensively, with
regard to the structural integrity of the material and its
switching mechanism. Prior results have shown a large
polarization in HfO,, comparable to those of Pb(Zr,Ti,_,)O;
(PZT) and BaTiO5; additionally, HfO, has shown the ability
to maintain polarization under retention and fatigue test-
ing.”**’ In addition, the subloop polarization in ferroelectric
HfO,-based memory architectures demonstrated empirical
deterministic control of memory states with advantages for
neuromorphic applications such as low-power consump-
tion.” 7 Considering thin-film thickness (~10 nm) and
polycrystalline structure-induced defects of ferroelectric HfO,,
deterministic control of multilevel polarization states is
remarkable. However, the direct study of stability in multilevel
polarization states in ferroelectric HfO, capacitors and the
origin of deterministic control is insufficient (i.e., reproduci-
bility and retention of multilevel polarization states). Prior to
analogue device application, direct investigation of the subloop
behavior in ferroelectric HfO, is urgently required.

In this study, we report unprecedented stability in the
subloop switching behavior and accessibility to intermediate
polarization states in ferroelectric Si-doped HfO,. We suggest
that the enhanced stability of the intermediate states is due to
the small critical volume for ferroelectric nucleation in HfO,
and the large activation energy for flipping the polarization
dipole. Conventional voltage pulse measurements, an analysis
of the temperature dependence of hysteresis, and piezores-
ponse force microscopy (PFM) measurements were conducted
to confirm the small volume for ferroelectric nucleation with
large activation energy per unit volume. Theoretical calcu-
lations were used to investigate the switching energy landscape
of ferroelectric HfO,. Monte Carlo simulation results
confirmed the existence of stable multilevel states, with
accessibility facilitated by the small nucleation volume.

B EXPERIMENTAL SECTION

Sample Fabrication. The 4.2 mol% Si-doped HfO, films
(thickness: 8 nm) were stacked on the TiN bottom electrode, using
the atomic layer deposition process based on tetrakis-
(dimethylamido)hafnium (TDMAH), tetrakis(dimethylamino )silane
(4DMAS), and ozone.>® For the electrical measurements, the Pt/TiN
top electrode was patterned with a circular shape radius of 100 ym.
To crystallize the Si-doped HfO,, post annealing was conducted at
600 °C for 20 s in N, ambient conditions after the deposition of the
top electrode known as the post metallization annealing.

Electric Measurement. Polarization—voltage (P—V) curves and
time-dependent dynamic polarization switching P(f) were assessed
using a ferroelectric tester (TF Analyzer 3000; aixACCT Systems
GmbH, Aachen, Germany) and a rapid data acquisition system
(4200-SCS; Keithley Instruments, Cleveland, OH, USA). All electric
measurements were performed after the wake-up process, by inducing
10 000 voltage pulse cycles of 3 V at a frequency of 10 kHz.

Ferroelectric Domain Imaging. Local polarization switching
was measured via PEM (Cypher; Asylum Research, Santa Barbara,
CA, USA) with a conventional platinum/iridium-coated tip (PPP-
EFM; NANOSENSORS, Neuchatel, Switzerland).

B RESULTS AND DISCUSSION

Ferroelectric HfO, exhibits manifold polarization states,
applicable for use in analogue devices. Figure la shows the
multilevel polarization states through the positive region of the
polarization—voltage (P—V) hysteresis loops. These inter-
mediate states can be manipulated by simply varying the
amplitude of the external bias. We controlled the multilevel
polarization states of our HfO, sample by applying voltage
pulses of different magnitudes over the range of 0.9-3 V,
within a fixed window of 2 us. The voltage pulses were applied
initially to a negatively polled sample, in which the
intermediate polarization states were measured with a
triangular pulse of 3 V and a frequency of 2 kHz. The term
AP in Figure la refers to the difference between the remnant
polarization value of intermediate states and the fully
negatively polled state. AP increased systematically with the
voltage. These results suggest that voltage variation can be
used to control the intermediate states of ferroelectric HfO,, in
which the analogue behavior of AP can be used as a synaptic
weight in neuromorphic computing (Supporting Information,
Section S3).

The inherent multiplicity of HfO, ferroelectric polarization
states was maintained with discernible accuracy with repeated
application of external voltage pulses. The reliability of an
intermediate polarization state was determined by its
reproducibility and retention properties. To confirm reprodu-
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Figure 1. Multilevel states and reliability of Si-doped HfO, thin films.
(a) Intermediate polarization states of ferroelectric HfO, using 2 us
voltage pulses. (b) Histogram of each intermediate polarization state
repeated 100 times. (c) Weibull statistic fitting reliability results of the
intermediate polarization states using 2.1 V, 2 us voltage pulses with
orange-shaded 95% confidence interval. (d) Statistic results of each
intermediate polarization states in terms or Weibull exponent value k
and the standard deviation to mean ratio A/p.

cibility, we repeated each voltage pulse sequence 100 times and
measured the AP/2P; values for a particular intermediate state;
the measurement results are shown as a histogram in Figure
1b. The measured AP/2P, had a narrow standard deviation of
less than 0.003, and the separation among states exceeded 0.03.
Note that typical perovskite ferroelectric materials show
unstable reproducibility with conventional voltage/field
control;® in contrast, the ferroelectric HfO, film showed
reliable reproducibility with high accuracy.

For the detailed analysis of the reproducibility of each
intermediate states, we analyzed the statistics in terms of the
Weibull distribution as shown in Figure 1c by the following
equation

F(x) = 1 — exp[ — (x/x,)") (1)

F(x) is the cumulative probability of randomly distributed
variable (AP/2P; value in this work), x is the random variable,
X, is the scale parameter, and k is the Weibull exponent. The
Weibull exponent value k is correlated with the standard
deviation to mean ratio A/u as follows

(L +2/k) = (1 + 1/K)]7?
B (1 + 1/k)

A/
g @)
where I' is the Gamma function. Each intermediate polar-
ization states exhibited a large k value ranging from 37.1 to 338
as shown in Figure 1d. Note that our results exhibited a large k
value with small A/pu compared to the reported ferroelectric
tunnel junction devices’ and even comparable with the
contemporary other mersister devices,*’ indicating superior

reproducibility.
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The robust stability of each manifold state of ferroelectric
HfO, was observed under high-temperature and is considered
as the device operation environment. To confirm the retention
properties of the material, we examined the time evolution of
AP/2P,. Figure 2a shows the retention of intermediate
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Figure 2. (a) Retention properties of each intermediate polarization
state of ferroelectric HfO, measured at room temperature. (b)
Retention properties of an intermediate state, using 2.4 V, 2 ys voltage
pulses at room temperature, SO and 85 °C.

polarization states at room temperature; the polarization was
sustained, with only a slight loss after 1000 s. Figure 2b shows
the intermediate state retention with 2.4 V, 2 us pulses at room
temperature, 50, and 85 °C. The polarization loss observed at
50 and 85 °C showed only a slight difference with respect to
the pristine state after 1000 s, as shown in Figure 2b. The time
evolution of intermediate polarization under voltage pulse
application exhibited long-term stability, a requirement for
practical applications.

The unprecedented stability of the polarization states in
HfO, can be understood in terms of ferroelectric switching
dynamics and the underlying mechanism responsible for
deterministic control of the polarization via a large coercive
field. Figure 3a shows the time and voltage dependences of
ferroelectric polarization in the Si:HfO, thin film; the solid
dots represent the experimental polarization switching with
different applied voltages ranging from 0.9 to 3.0 V. To
estimate the time evolution of polarization switching, the
portion of switched polarization was measured after applying a
positive pulse to the top electrode, with a subsequent increase
in the pulse width and height. Before inducing a positive pulse,
a negative pulse was introduced with a height and width of —3
V and 125 pus, respectively, at the top electrode for full
saturation (Supporting Information, Section SS). The solid
lines in Figure 3a represent the fitting results obtained using a
nucleation-limited switching (NLS) model, with a Lorentzian
distribution for the characteristic switching time as below."'

2

AP(t) /00 t
— = 1 - —|—| [¢F(log t,)d(log ¢

» e [to) (log to)d(log £,)

3)
where
A w

F(logt,) = —

(log to) ﬂ[(log t, — log tl)2 + w? (4)

A, w, and log t, indicate a normalization constant, the half
width at half-maximum of the distribution, and the mean value
of the distribution, respectively.
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Figure 3. Ferroelectric switching dynamics and temperature depend-
ence of ferroelectric hysteresis. (a) Time and voltage dependence of
the switched polarization AP(t) measured at room temperature. The
solid lines represent the fitting results using the NLS model,
considering the Lorentzian distribution of the characteristic switching
time for ferroelectric nucleation. (b) External voltage dependence of
the characteristic switching time. (c) Temperature dependence of
ferroelectric hysteresis. (d) Temperature dependence of the coercive

field.

Figure 3b shows the characteristic switching time estimated
from the position of the Lorentzian peak. The linear
dependence in Figure 3b reveals the ferroelectric properties
associated with nucleation and domain wall propagation.”” The
activation field was estimated to be 1.9 MV/cm, which is
similar to a recently reported value in a Zr-doped ferroelectric
HfO, film.* It is worth noting that the activation field for
ferroelectric switching in HfO, is larger than those of other
perovskite ferroelectrics,**”** enabling long-term stability of
intermediate states due to the high coercive field.*’~*

To understand the large activation field associated with the
nucleation energy per unit volume and the critical volume size
of nucleation, we examined the temperature dependence of the
coercive field, with a focus on the barrier height for
ferroelectric switching in HfO, films. Figure 3c shows the
temperature dependence of the ferroelectric hysteresis from
300 to 480 K, with the application of 3 V pulses at a frequency
of 2 kHz. Because of the different concentrations of trap sites
and/or oxygen vacancies at the bottom and top electrode
ferroelectric interfaces, the imprint effects were enhanced as
the temperature increased.” Also, as the measurement
temperature increased, the remnant polarization and coercive
field decreased. In the classical Landau—Devonshire free-
energy model,®' the variation of the coercive field under
varying temperature can be associated with the critical volume
and activation energy. The free-energy model can be used to
derive the coercive field, barrier height, and critical nucleation
volume, as given below™*

Wy k,T Yyt
E =—-— In|
P v*R |In(2)

N

©)

where Wy, P, ky,, T, V¥, vy, and t are the energy barrier per unit
volume, spontaneous polarization, Boltzmann’s constant,
temperature, critical volume for nucleation, phonon frequency,
and measurement time, respectively. We used the soft-mode
phonon frequency and the spontaneous polarization value of
1.16 X 10" Hz and 41 uC/cm? respectively.”® Figure 3d
shows the experimental temperature dependence of the
coercive field and the fitting results obtained with eq 1. For
the ferroelectric HfO, film, we obtained 4.1 X 10%° eV/m? for
the energy barrier per unit volume (Wj) and 4.0 X 107 m®
for the critical volume for nucleation (V*); both are similar to
the values obtained in a previous study of Si-doped HfO,.>*
Note that Wy is larger than that for PZT** (PZT: Wy = 0.38 X
10% eV/m?®, V* = 25 X 10727 m®), which can be attributed to
the large coercive field of HfO,; V* was much smaller than that
for PZT. However, although V* is small, the energy barrier per
critical volume for nucleation (Wj X V*) of HfO, is still larger
than that of PZT.

Scanning probe microscopy demonstrated the influence of
critical volume size on ferroelectric switching, in terms of the
domain wall speed and size. The stable and small critical
volume for ferroelectric nucleation is due to the weak
interaction between ferroelectric dipoles. There should be
little movement of the domain wall with weak interaction and a
high activation barrier.”> To confirm the domain wall motion
of ferroelectric HfO,, we used PFM to estimate the domain
wall velocity and its activation field. Figure 4a shows
piezoresponse spectroscopy results observed in the HfO,
thin film; the results showed a clear hysteresis in amplitude
and phase, with a local coercivity of ~3 V and phase responses
that corresponded to upward/downward polarization, as
indicated by the blue circles. Figure 3b—e show out-of-plane
directional phase images along the external bias, at different
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Figure 4. Piezoresponse properties and the speed of ferroelectric
domain wall propagation in a Si-HfO, thin film using local PFM. (a)
Amplitude (empty red square) and phase (empty blue circle)
hysteresis of local PFM. (b—e) PFM phase images after positive
poling with a pulse height of 6 V and widths of 100 ys, 20 ms, 100 ms,
and 1 s, respectively. Before the measurement, the sample was poled
with a negative bias of —6 V. (f) Voltage pulse width dependence of
the equivalent domain radius for the switched region. The dashed
gray line represents the minimum domain size resolution (~20 nm).
(g) Electric field dependence of the domain wall velocity.
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pulse widths and with a fixed voltage of 6 V on the negatively
pre-polled area. Without any thermally nucleated domains in
the scan area, clear domain growth was observed, with
dominant domain wall motion, at ~20 nm resolution.

The domain wall velocity and activation energy for the
propagation of the domain wall can be estimated using the
external pulse width. Figure 4f shows the domain radius as a
function of the external pulse width; the domain size was
seemingly unchanged along with the external bias, with a width
of less than 10 ms. The domain radius increased with the
domain wall motion as the bias exceeded 10 ms. This may be
due to the minimum size of the domain radius of ~20 nm for
the resolution limit. During the estimation of the effective
velocity of domain wall propagation, the effective electric field
under the tip was calculated from a first-order approxima-
tion,**” E = Va/rd where V, a, r, and d represent the voltage,
tip radius, domain radius, and film thickness, respectively.
Figure 4g shows the domain wall velocity as a function of the
reciprocal of the external bias. The velocity, specified as v &
exp(—a/E), was used to estimate the activation field of domain
wall propagation.*” The calculated activation field for domain
wall motion was ~9.3 MV/cm, which is a much larger value
than that required for switching activation (~1.9 MV/cm).
Note that the domain wall velocity of other perovskite and
poly thin film ferroelectrics such as poly(vinylidene fluoride-co-
trifluoroethylene) thin films is approximately 4 orders of
magnitude faster than that of HfO, under the same electric
field conditions.”’~*” Even considering the large coercive field
of ferroelectric HfO,, the domain wall velocity was nearly 2
orders of magnitude slower at the same ratio of the applied
field to the coercive field. These results well matched those of a
recent PEM study of La-doped ferroelectric HFO,.°” Thus, the
PFM results in this study indicate that the domain wall motion
in ferroelectric HfO, was a small effect compared with other
perovskite ferroelectric materials; this was attributed to the
minimal interaction among domains in ferroelectric HfO,.

Theoretical estimation of the energy difference of the
flipping of a single ferroelectric dipole elucidates the stability of
small ferroelectric domains. First-principles calculations were
performed to estimate the total energy difference of a single
flip of a ferroelectric dipole moment in a domain of
ferroelectric HfO,. Figure Sab shows a schematic atomic
configuration of all domains poled in the upward direction and
a domain with one downward directional flip of a single dipole,
for a comparison of the total energy. The calculated total
energy difference between all domains poled in the upward
direction and domains with one downward directional flip in
HfO, was surprising, at 0.079 eV, with a large barrier height
during a dipole flip process of 1.3 eV, as shown in Figure Sc.
Notably, the same calculation process of conventional
perovskite PTO exhibits a large energy difference of 0.65 eV,
with a small barrier height of 0.77 eV. Because of the small
value difference between the barrier height and the energy
difference after a dipole flip, the flipped dipole easily back-
switched, indicating the instability of a single ferroelectric
dipole flip in this material. In addition, the calculated total
energy difference was negligible, regardless of the number of
ferroelectric dipole flips for ferroelectric HfO, (Supporting
Information, Section S6). Therefore, a small critical nucleation
volume of the ferroelectric domain can be stabilized without
disturbing ferroelectric dipole neighbors.

The causality between the small critical volume for
ferroelectric nucleation and the discernible accuracy of the
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Figure S. First-principles calculations of a single ferroelectric dipole
flip. Schematic diagram of ferroelectric HfO, with (a) all upward
dipoles and (b) one opposite dipole. (c) Energy landscapes of HfO,
and PbTiO; for a single dipole flip.

polarization state was investigated in terms of the critical unit
size and the derivation of subloop polarization by Monte Carlo
simulations. To elucidate the small domain size effect on
multilevel switching, we conducted Monte Carlo simulations of
long-range dipole—dipole interactions with a random magni-
tude of dipole—defect interactions, considering polycrystalline
ferroelectric HfO,.***'~%® Figure 6a shows a schematic
diagram of the simulation lattice, in which the total length L
was fixed and each unit length L/N was varied by the number
of mesh grids N. As the number of mesh grids increased, the
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Figure 6. Monte Carlo simulation results with different critical
volumes for ferroelectric nucleation. (a) Schematic diagram of the
ferroelectric nucleation size at a fixed length divided into a given mesh
grid size. (b) Fitted distribution profiles of an intermediate
polarization state repeated 100 times for different mesh grid sizes.
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individual domain size decreased. Figure 6b shows the
distribution results of polarization switching at a constant
Monte Carlo step (MCS) with different numbers of mesh grids
repeated 100 times; the distribution profiles were taken at a
specific MCS to compare the broadness of accessibility
(Supporting Information, Section S7). The constant MCS
step corresponds to the experimental characteristic switching
time t;,. The numbers of mesh grids are inversely proportional
to the size of critical volume for ferroelectric nucleation. The
results show the relationship between accessibility to the
intermediate states and critical volume for ferroelectric
nucleation. As the individual critical volume for ferroelectric
nucleation decreased, the intermediate states attained more
stable reproducibility.

B CONCLUSIONS

Considering the complicated switching mechanism and defect-
mediated uncertainty, the stable subloop behavior of ferro-
electric HfO, with conventional voltage pulses was remarkable.
The switching dynamics indicated a large activation field for
terroelectric switching. This large activation field provides
robust stability, even at high temperatures, as shown in Figure
2a,b. The temperature dependence of hysteresis and PFM
measurements are good indicators of the small size of
ferroelectric domains and high activation energy. Theoretical
calculations confirmed the large activation energy for a single
dipole flip. The stabilization of small-size ferroelectric domain
was attributed to the intrinsic stability of a single opposite
ferroelectric dipole. Based on the extraordinary stability of
small nucleation, the macroscopic discernible accuracy of
partial switching of ferroelectricity can be achieved in HfO,, as
shown in Monte Carlo simulation results. Even considering
contemporary scaled down device (i.e., 7 nm technology), the
small critical volume for nucleation in ferroelectric Si-doped
HfO, enables diverse multilevel polarization states (more than
32) can be achieved.

In summary, we demonstrated the unprecedented stability of
multilevel switching properties in ferroelectric HfO,. The
terroelectric switching dynamics and temperature dependence
of hysteresis elucidate the small activation energy for switching
due to the stable and small nucleation size. The associated slow
domain wall motion because stable small-sized domains was
confirmed by PFM measurements. Monte Carlo simulations
demonstrated that the small nucleation size induces stable
intermediate polarization states.
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