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ABSTRACT

Determining the switching speed and mechanisms in ferroelectric HfO, is essential for applications. Switching dynamics in orthorhom-
bic epitaxial ferroelectric HfosZro 50, films with either significant or negligible presence of monoclinic paraelectric phase is characterized.
Switching spectroscopy reveals that the polarization dynamics in pure orthorhombic ferroelectric phase films can be modeled by the
Kolmogorov-Avrami-Ishibashi mechanism with large characteristic time (~1 us), which is shortened in fatigued junctions. The long switch-
ing time indicates that non-archetypical switching mechanisms occur and that ionic motion or other extrinsic contributions might be at play.
Films containing a higher amount of paraelectric monoclinic phase show a shorter switching time of 69 ns, even in pristine state, for applied
electric field parallel to the imprint field, enabling synaptic-like activity using fast electric stimuli. Thus, the presence of defects or paraelectric
phase is found to improve the switching speed, contrary to what one can expect a priori.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0083661

INTRODUCTION

Renewed interest in ferroelectric materials for memory applica-
tions has been triggered by the discovery of ferroelectricity in HfO,
films," which are compatible with CMOS technology.”” CMOS
compatibility makes ferroelectric HfO, interesting for memory
applications, such as non-volatile random access memories’ and
field effect transistors.” Contrary to what is commonly found in
archetypical ferroelectric materials where ferroelectric properties
degraded while reducing thickness to the nanoscale, ferroelectric
hafnium oxide shows stable ferroelectric character in films thinner
than around 10 nm.” '* This robustness for very thin films makes
HfO, especially suitable for its integration in ferroelectric tunnel
junc‘[ions.1 e

Polarization switching dynamics characterization is extremely
relevant for applications and to understand the underlying mecha-
nisms of ferroelectric switching. In recent years, switching dynamics
has been characterized in ferroelectric polycrystalline HfO, films
having different dopant atoms.'” " Commonly, it is found that the

characteristic switching time is in the range of 500-1000 ns.'**

This characteristic switching time might be largely affected by the
characteristic time constant of the measurement setup.”” However,
a record value as fast as 925 ps has been obtained by minimizing the
device area and the series resistance contribution.”” " Fast switch-
ing (around 10 ns) has also been observed in ferroelectric ZrO,
films.”"** It is commonly found that switching dynamics follows
Nucleation Limited Switching (NLS) model,” as expected for poly-
crystalline films, contrary to the Kolmogorov-Avrami-Ishibashi
(KAI) model™” expected for films of high crystalline quality.’®
It has been reported that the increase of remanent polarization
ascribed to the increase of non-pinned ferroelectric orthorhombic
domains by doping or electric cycling is correlated with an increase
of the characteristic switching time.”””’ In contrast, the increase
of orthorhombic phase, and concomitantly the remanent polariza-
tion, by high pressure annealing results in shorter switching time.”’
In contrast and counterintuitively, the increase in the number of
defects results in the decrease of the switching time.”® At the local
level, microscopic characterization performed in ferroelectric HfO,
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polycrystalline films indicates that thermodynamic switching can
occur, ™ in addition to giving hints on the intriguing dependence
of the coercive electric field dependence on thickness.’’ Despite the
fact that several works (some of them contradictory) have inves-
tigated domain dynamics in polycrystalline ferroelectric hafnium
oxide, further investigation is needed to fully understand switch-
ing dynamics. This is especially important in systems where extrinsic
contribution from defects or paraelectric phases is minimized.

Single crystals of ferroelectric HfO; would be ideal candidates
to characterize intrinsic switching dynamics. However, their growth
has only been recently reported, and their functional characteriza-
tion is still incipient.*! In contrast, the growth and characterization
of epitaxial films has been important in the last few years, and
these are very convenient to investigate intrinsic properties of fer-
roelectric HfO,.** For example, very recently, the direct comparison
between the epitaxial Y:HfO; films on ITO/(111)YSZ and polycrys-
talline Y:HfO, films on Pt/TiOx/SiO,/Si substrates has allowed to
demonstrate that homogeneous nucleation is observed at high elec-
tric field in both cases and that the response is slightly slower in
the epitaxial ones. At low electric field, defects play a very impor-
tant role, and thus polycrystalline and epitaxial films’ switching
dynamics differ, and polycrystalline samples on Pt/TiOx/SiO,/Si
show a less homogeneous switching than the epitaxial films on
ITO/YSZ(111), as expected due to the greater defects amount.”’ The
epitaxial growth of ferroelectric doped HfO, films is also possible
using suitable substrates™ *® and bottom Lay/3Sr;;3MnOs (LSMO)
electrodes,”” and high polarization, endurance, and retention have
been demonstrated in these films. In addition, epitaxial stress deter-
mines the relative amount of monoclinic and orthorhombic phases,
and it allows the growth of either almost pure orthorhombic ferro-
electric films or films having a relative amount of monoclinic phase
depending on the selected substrate.” Thus, the epitaxial thin films
on LSMO electrodes are optimal for the characterization of intrin-
sic properties and to evaluate in a well-controlled way the impact
of defects and particularly of the paraelectric monoclinic phase.
Here, instead of comparing the epitaxial and polycrystalline films,
we present the direct comparison of switching dynamics in epitaxial
1%La doped Hfy5Zr50; (La:HZO) films having pure orthorhombic
phase with those of the same composition having a relative amount
of monoclinic phase. Pure orthorhombic films are grown on GdScO;
(GSO) substrate and the mixed-phase films on SrTiO3 (STO) sub-
strate. It turns out that the characteristic switching time is around
2 ps in the pure orthorhombic film. Switching spectroscopy analysis
reveals that pure orthorhombic phase films follow the KAI switch-
ing dynamics, even at very low electric field with domain growth
dimensionality between 1 and 2. Instead, the mixed orthorhom-
bic/monoclinic phase films show NLS. It is also observed that the
switching time is much shorter for mixed phase films, reaching
69 ns. Therefore, the results indicate that samples having larger frac-
tion of non-ferroelectric phase with concomitant larger number of
incoherent domain boundaries show 2 orders of magnitude faster
switching time dominated by distributed nucleation and that slow
response is intrinsic of the orthorhombic phase.

RESULTS

La:HZO films were grown by pulsed laser deposition on top
of 25 nm LSMO buffered (001)-oriented GSO and STO substrates

scitation.org/journal/apm

(GSO is indexed here as pseudocubic). We focus on a 7 nm thick
film, although measurements of films with different thickness are
shown in the supplementary material. 20 nm thick top Pt electrodes
of 20 ym diameter were deposited ex-situ by DC sputtering at room
temperature. Deposition conditions can be found elsewhere.”!

The XRD 20-y map of a 7 nm thick La:HZO film grown on
LSMO/GSO is shown in Fig. 1(a). The most visible spots corre-
spond to GSO substrate and LSMO electrode reflections as labeled.
The bright spot located at y = 0° and 26 = 30.2° corresponds to
the 0-HZO(111) reflection. Other orientations or phases are not
detected as thoroughly investigated in similar films.”””* Positive-
Up-Negative-Down (PUND) measurements [Fig. 1(b)] confirmed
the ferroelectric character of the film. The current vs applied voltage
loop exhibits two clear switching peaks. The integrated polarization
loop shows that remanent polarization is 14.6 4C/cm?® and the coer-
cive voltages are 2.6 and 3.1 V, denoting the presence of imprint
field toward LSMO bottom electrode.

Thus, the epitaxial film on the GSO substrate shows negligi-
ble quantity of spurious phases, and P, = 15 [AC/CmZ. Next, we
present switching dynamics characterization. The pulse train used is
described in supplementary material S1. In Fig. 1(c), the dependence
of switched polarization (AP) on switching pulse duration (7y) is
shown for different amplitude positive writing pulses (Vy). It can
be observed that the switching starts at around 200 ns (Vy = 4 V)
and that, for decreasing voltage, the onset switching time does not
vary but AP is reduced, as expected. AP values are obtained after
subtracting residual leakage current contribution (as described in
supplementary material S2), already observed in archetypical ferro-
electric materials,” arising from the complex coexisting electronic
and ionic’*® leakage mechanisms present in HfO, films, which
result in hysteretic leakage current (as shown in supplementary
material S3). It might be also argued that this additional contri-
bution comes from additional ferroelectric switching with different
switching dynamics, which is unlikely due to saturation not been
identified. In any case, this contribution is not removable from AP
value obtained by PUND, and from now on, we will focus our
analysis on the dynamics of the switchable contribution, in which
saturation is observed. We have fitted the data using the KAI model
equation AP = AP * (1 — e (w/ T0)“), where Ty is the characteristic
switching time, n is the dimensionality exponent, and AP is the sat-
urated switched polarization. For the maximum applied voltage of
4V, the fitting parameters are 7o = 1.4 ys and n = 1.6 (fitting param-
eters extracted at other voltages are in supplementary material S4).
7o is longer to what is commonly obtained in polycrystalline ferro-
electric hafnium oxide films. Usually at low electric field, deviations
from intrinsic switching can be observed due to the more relevant
role of defects.”” This is not observed here; thus, the switching is
intrinsic at any voltage, and the role of defects is negligible. The
obtained n > 1 indicates mixture of 1D and 2D domain wall prop-
agation. For decreasing applied voltage, 7o and n slightly increase
(supplementary material S4), as commonly found in other ferro-
electric materials.”” In any case, the switching data of the epitaxial
La:HZO films on the GSO substrate are well described by the KAI
model.

In Fig. 1(d), the dependence of AP on switching 7y is shown
for different V, < 0 pulses. We obtain 79 = 2.5 pys and n = 1.0. It
can be observed that 7 is larger than for positive voltages. This is
expected due to the mentioned negative imprint field. In addition to
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FIG. 1. (a) XRD 26-y map of the La:HZO/LSMO/GSO sample. (b) Current-voltage loop and corresponding polarization-voltage loop of the same sample measured at
10 kHz and maximum voltage of 4 V. Dependence of AP on 7, after (a) positive and (b) negative Vy, pulses of the indicated amplitude. AP dependence on 7, after (c)

positive and (d) negative V,, pulses in the pristine state and after 10° bipolar cycles. Red lines are the fitting of the data by the KAl model.

the 7o increase, we observe a decrease in n, which being near 1 indi-
cates that 1D domain wall propagation dominates. This asymmetry
in domain wall propagation mode has been observed in other ferro-
electric oxides, and it is attributed to asymmetric defect distribution
in films along the out-of-plane direction®® also at the origin of the
imprint field.

In Figs. 1(e) and 1(f), the AP dependence on 7y, is shown for a
different capacitor measured in the same sample in the pristine state
and after 10° cycles at 4 V. First, it can be observed that the maxi-
mum polarization is reduced in the cycled junction. This is due to
the fatigue effect (supplementary material S5), which results from
the pinning of ferroelectric domains due to defects redistribution,
charge injection, or transformation of the orthorhombic to mono-
clinic phase.”” "’ Interestingly, 7o decreases from 7o = 1.4 and 2.5 s
to 0.55 and 0.77 us for positive and negative polarity, respectively.
For negative polarity, n does not significantly change being 1.1 after
cycling, but it decreases from 1.6 to 1.1 for positive polarity. There-
fore, the formation of pinned domains or non-ferroelectric phases
by electric cycling results in a faster switching speed and an aver-
age reduction of the domain growth dimensionality. This conclusion
can also be extracted from the direct measurement of the current
switching (supplementary material S6).

To directly infer the role of non-ferroelectric phases in the
domain switching dynamics, we characterize a La:HZO/LSMO
film of same thickness (7 nm) grown on STO. The 20-y map
of this sample is shown in Fig. 2(a). In contrast to the map of
the La:HZO/LSMO/GSO sample [Fig. 1(a)], there is an additional
reflection corresponding to the non-ferroelectric monoclinic phase.
Accordingly, the ferroelectric character of the sample remains, but
the remanent polarization is reduced to 12.6 4C/cm?, as shown by
the I-V and the P-V loops in Fig. 2(b). The coercive voltage has

also been reduced (being now 2.28 and —3.06 V), and the imprint
field increased compared to the La:HZO/LSMO/GSO sample. The
AP dependence on T, for different positive voltages is shown in
Figs. 2(c) and 2(d). AP values obtained prior leakage subtraction are
shown in supplementary material S7. It can be observed that, even
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FIG. 2. (a) XRD 26-y map of the La:HZO film on STO substrate. (b) |-V loop
and corresponding P-V loop of the same sample measured at 10 kHz and max-
imum voltage 4 V. Dependence of AP on (c) positive and (c) negative switching
V. pulses with different amplitudes. Red lines are the fitting of the data by the KAI
model.
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for the shortest applied switching pulse (20 ns), some switchable
charge appears and 79 = 69 ns is obtained. This extracted switching
time is limited by the time constant of the experimental setup, which
is around 100 ns (supplementary material S8). Note that, because
the experimental setup limits 7o, the fittings do not correspond to
the KAI model and only to an exponential dependence. For neg-
ative voltage, To increases (supplementary material S4) to 820 ns
and n = 0.5 for —4 V. The larger 7o compared to the value corre-
sponding to positive voltage is expected because the imprint field is
against polarization switching, thus limiting the stability of switched
domains along this particular direction.”® We note that other films
with thickness ranging from 4.5 to 13 nm show similar switching
dependence on 7, (supplementary material §9). Electric cycling also
results in a reduction of 7o for the film grown on STO as for the one
on GSO, although there is only a minute improvement in the STO
case (supplementary material $10). Most notable is that n is <1 for
Vyw <0, which indicates that the KAI model is not valid. Therefore,
we proceed to the data fitting using the NLS model for data col-
lected at —4 V. As shown in supplementary material S11, the data are
properly fitted by the NLS model. For comparison, the fitting using
the NLS model were also used for the La:HZO/LSMO/GSO sample
(supplementary material S11). Note the fact that the data collected in
the films grown on GSO can be fitted with the NLS model, which can
be expected due to NLS model being an extended version of the KAI
model, when the distribution of switching times (function “F” in
supplementary material S11) is not a delta function.®' Thus, remark-
ably fast switching (7o = 69 ns) and failure of KAI model to describe
the switching dynamics are observed in the epitaxial La:HZO film
with the coexistence of orthorhombic and monoclinic phases.

scitation.org/journal/apm

Overall, it has been shown that (i) switching dynamics in
agreement with KAI model with n near to 2 is observed for the nom-
inally single orthorhombic phase film, (ii) switching dynamics in
agreement with NLS model is observed for the film showing coex-
isting orthorhombic/monoclinic phases, (iii) faster switching time
is observed in films showing larger presence of non-ferroelectric or
non-switchable phase induced by a different substrate or by electric
field cycling, and (iv) faster switching time is observed if switching is
aligned with the imprint field.

In Figs. 3(a) and 3(b), we summarize the main result of this
study. Whereas orthorhombic rich film on GSO does not show ferro-
electric switching using 7w = 50 ns [Fig. 3(a)], in the film on STO, the
switching is present by an amount of near AP = 4 yC/cm? [Fig. 3(b)].
Similar comparison at different 7, is shown in supplementary
material S12. The aperture in the latter PUND loop indicates back
switching during the delay time between pulses, which does not pre-
clude the observation of polarization contrast. The observed switch-
ing at 50 ns is a benchmark for ferroelectric hafnium oxide films,
only overpassed by data obtained in ultrafast characterization setups
(see summary Table S1 in supplementary material S13). Highly rel-
evant is that with increasing film quality, switching becomes slower.
The slow switching in films on GSO is correlated with the less abun-
dant defects, whereas in films on STO, charged defects help on the
initiation of the nucleation. In fact, films grown on STO show larger
leakage than the film grown on GSO, indicating the larger pres-
ence of defects (supplementary material S14). The small abundance
of defects produces that different nucleation points in the sample
are equally probable, and thus, KAI switching dynamics with sin-
gle characteristic time occurs. This result is in agreement with that
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FIG. 3. |-V and P-V loops showing the polarization switching of single orthorhombic phase (a) and mixed orthorhombic/monoclinic phase (b) films after applying a voltage
pulse of 7y, = 50 ns. Top-view sketch for the nucleation and growth process in (c) single orthorhombic phase and (d) mixed orthorhombic/monoclinic phase films. Black
outward and inwards arrows account for polarization and red arrows for the domain wall propagation in panel c. (e) Dependence of polarization state in the La:HZO film on
STO on the applied number of pulses of 50 ns width of opposite polarity (+3/—4 V). (f) Dependence of polarization state in La:HZO film on STO on the At of two consecutive

pulse of synaptic-like shape (inset) of 750 ns FWHM and At step of 250 ns.
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reported slower response of epitaxial (with expected lower amount
of defects) compared with polycrystalline films.*

In addition, the absence of defects favors 2D domain growth
as sketched in Fig. 3(c) (top view), in agreement with the higher n
coefficient. However, defects are not inexistent, and they produce
non-negligible imprint electric field, asymmetric domain growth
propagation, and n < 2 even for high electric fields; features are
not present in the epitaxial thin films of archetypical ferroelectrics,
such as PZT*® or BiFeO3.°” In addition, 7o in these ferroelectric
oxides is, in general, below microseconds.”® Thus, 7o (~1 ys) in sin-
gle orthorhombic phase films grown on GSO is in comparison long.
This long characteristic time is compatible with the participation
of ionic motion processes for the domain switching nucleation and
expansion,““‘] as found in other oxides.”” The oxygen vacancies,
most likely to be present, have mobility of 1072 cm® V™! 71, %
which at 4 V and for a sample thickness of 7 nm gives a 7 in the
order of a second. This time is much larger than 7y disregarding
ionic motion across the film. Instead, one can expect that oxygen
motion can be relevant at the interfaces, where the effects might be
faster. Note also that 7y in pure orthorhombic films is also longer
than that found in the epitaxial films grown by post-annealing crys-
tallization.”” This is related to the higher remanent polarization of
the films reported here, indicating greater presence of orthorhombic
phase and thus slower switching.

Films on STO are more abundant in defects, and charged
defects do help in the initiation of the nucleation, allowing its
occurrence at shorter 7p. These defects, mainly at the electrode
interfaces [positive blue charges in Fig. 3(d)] or at the mono-
clinic/orthorhombic interfaces [positive orange charges in Fig. 3(d)],
locally generate different built-in electric fields, resulting in a distri-
bution of switching times, and thus, NLS switching well describes
the growth kinetics. 7o is as a consequence shorter. In this latter
case, ionic motion can also play a relevant role, but the fast switch-
ing kinetics indicates that it must be local and not dominating the
domain dynamics.

Recently, it has been shown that ferroelectric HfO, films can
show memristive characteristics, ”**”*"’"* which allows mimicking
the brain synapse' """ using voltage pulses of very diverse shape
in the range of 1-100 us. Thus, the fast switching can be useful to
develop fast neuromorphic like devices. In Fig. 3(e) and 3(f), demon-
stration of potentiation/depression and Spike-Timing-Dependent
Plasticity (STDP) neuromorphic-like behavior in the La:HZO/STO
film is shown. In Fig. 3(e), the AP is measured during application
of defined number of positive (+3 V) and negative (-4 V) pulses
of 50 ns time width (see top panel). The pulse amplitude asymme-
try is required to obtain symmetric potentiation/depression curves.
It can be observed a gradual increase and subsequent decrease of
the polarization for positive and negative pulse trains, which results
from the continuous switching of polarization using pulse width
near the characteristics time. The exponential coefficients used to
describe the potentiation/depression curves are 1.2/1.8, using equa-
tions described elsewhere.”* In Fig. 3(f), the increase and further
decrease AP is shown using pre- and post-voltage synaptic like pulses
(inset) of 750 ns full width at half maximum (FWHM) and different
delay time (At) between them. Shorter pulses are shown in supple-
mentary material S15. Large positive (negative) modulation of AP
for negative (positive) At is observed. The shape of the curves is
not symmetric, and they are shifted along AP due to the presence

scitation.org/journal/apm

of imprint as already discussed. The exponential fits”* for positive
and negative At are 800 and 400 ns. The exploratory characteriza-
tion shown in Fig. 3(e) and 3(f) demonstrates the potentiality of
the system to show synaptic like behavior, but in a time scale much
shorter than that usually measured in polycrystalline doped-HfO,
films."***”* The integration of the material in tunnel junctions'* or
transistor or Schottky junctions*® would allow the fast modulation

of conductance mimicking brain behavior at a fast speed.

CONCLUSIONS

In conclusion, the characterization of the switching dynam-
ics in single orthorhombic phase films has allowed us to identify
Kolmogorov-Avrami-Ishibashi-like domain switching growth even
using low voltage pulses. However, slow 7¢ indicates that ferroelec-
tric switching is somehow intertwined to ionic motion processes.
These results contribute to the fundamental understanding of the
switching dynamics in ferroelectric hafnium oxide and are relevant
for applications. In contrast, we have observed that in films with the
presence of parasitic monoclinic phase or in fatigued films, defects
and non-ferroelectric phases help to shorten 7o. Therefore, even lim-
ited by the used experimental setup, ferroelectric switching as fast
as 50 ns is observed. Fast switching is only observed when the final
polarization state is aligned with the imprint field. In the latter case,
ionic motion is unlikely to dominate in the switching dynamics due
to its fast response, although its local presence at interfaces cannot
be disregarded. Potentiation/depression and STDP preliminary data
allow us to demonstrate the potential interest in ferroelectric HfO,
for fast neuromorphic memory applications.

EXPERIMENTAL METHODS

X-ray diffraction characterization has been performed by
means of 20-y maps (26 from 20° to 50°, y from around -20° to
+20°) collected with a Bruker D8-Advance diffractometer using a
2D detector.

Ferroelectric and switching spectroscopy characterization was
performed using a TFAnalyser2000 platform (Aixacct Gmbh),
grounding the LSMO bottom electrode and biasing one of the top Pt
electrodes. Ferroelectric loops were collected using the PUND tech-
nique,” using triangular pulses at 10 kHz and delay time between
pulses of 1 s. Displayed PUND loops are obtained after subtraction
of the current measured during the U(D) pulse to the P(N) one.
STDP measurements were done applying pre- and post-synaptic
pulses of opposite sign to the top Pt electrode after its sum.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional electrical charac-
terization, description of methods, and data analysis.
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