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ABSTRACT: HfO, based ferroelectrics are lead-free, simple
binary oxides with nonperovskite structure and low
permittivity. They just recently started attracting attention of
theoretical groups in the fields of ferroelectric memories and
electrostatic supercapacitors. A modified approach of harmonic
analysis is introduced for temperature-dependent studies of the
field cycling behavior and the underlying defect mechanisms.
Activation energies for wake-up and fatigue are extracted.
Notably, all values are about 100 meV, which is 1 order of
magnitude lower than for conventional ferroelectrics like lead
zirconate titanate (PZT). This difference is mainly atttributed
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to the one to two orders of magnitude higher electric fields used for cycling and to the different surface to volume ratios between
the 10 nm thin films in this study and the bulk samples of former measurements or simulations. Moreover, a new, analog-like
split-up effect of switching peaks by field cycling is discovered and is explained by a network model based on memcapacitive

behavior as a result of defect redistribution.
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B INTRODUCTION

Hafnium oxide was recently reported to exhibit ferroelectric
From the material point of view, HfO, based
ferroelectrics are of special interest because they are lead-free,
simple binary oxides and exhibit a nonperovskite structure with
a comparably low relative permittivity in the range of ~20—30."
Thus, first simulation efforts with focus on ferroelectricity in
HfO, were started.”> Moreover, a recent simulation-based
material design search indicated that there are further (anti-)
ferroelectric compounds to be discovered® and motivated a
theoretical work on antiferroelectricity in the chemically very
similar ZrO,.* Nonetheless, this marks just a starting point.
Many questions concerning the tuning of the ferroelectric
properties and the role of defects are studied far less extensively
than, for example, for lead zirconate titanate (PZT). Thus, the
transfer of promising analysis methods is the first step for
deepening the understanding of this material system. From the
application point of view, HfO, based ferroelectrics attracted
attention especially in the field of ferroelectric memories"®’
and recently also for electrostatic supercapacitors.”® Since 2007,
HfO, is the state-of-the-art gate dielectric in complementary
metal-oxide-semiconductor technology10 and, therefore, is also
a promising candidate to overcome integration and scaling
issues associated with conventional ferroelectrics."' Ferro-
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electric field effect transistors in 28 nm technology12 evidenced
this potential already in 2012.

B RESULTS AND DISCUSSION

The present work is dedicated to the field cycling behavior of
Sr:HfO,, which showed ferroelectric hystereses with remanent
polarizations up to 23 uC/cm?® and the highest coercive fields
(~2 MV/cm) of all tested dopants so far.® Also, the
conditioning behavior of a pristine sample (wake-up) was
shown: Two distinct current peaks merge during cycling
causing a constricted polarization hysteresis to become more
ideal and open. Such constricted hystereses were shown by Carl
and Hardtl"* for doped PZT and were attributed to internal
bias fields. These fields were assumed to result from
incorporated defects, which either pin domains walls or form
anisotropic centers favoring one direction of the spontaneous
polarization.'* Further possible roots for constrictions and
deformations of hystereses are reviewed elsewhere."®
This paper is focused on the following:
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Figure 1. (a) Wake-up effect: The constricted hysteresis of a pristine sample opens after field cycling and two distinct current peaks merge into one
single peak. (b) Current peak split-ups occur directly at the values of the cycling field amplitude (constant no. of cycles). (c) Split-up of multiple
peaks by subsequent field cycling with different field amplitudes in descending order. The split-up at 1.45 MV/cm has already vanished in the first
quadrant (red line). All experiments were performed with f = 1000 Hz. The corresponding P—E hystereses are shown as insets with the E- and P-axes
scaled from —4 MV/cm to 4 MV/cm and from —30 uC/cm?® to 30 uC/cm?, respectively.

(1) A new analog splitup phenomenon of ferroelectric
switching peaks in the transient current response which
was modeled as a result of defect redistribution.

Up to now, the first temperature dependent measure-
ments to determine activation energies for the three
defect related effects wake-up, fatigue, and the afore-
mentioned split-up phenomenon. A new convenient and
time saving approach of harmonic analysis was
introduced for this purpose.

)

Wake-up refers to the conditioning effect of a pristine
sample, as it was reported also for Y'° or Si doped HfO,'>'”'®
and for PZT:" The pinched hysteresis of a pristine sample
opens as the electric field is progressively cycled up and down.
In the observed current response, this is reflected in the
merging of two or more distinct current maxima into one single
peak on each side of the electric field, as can be seen from
Figure 1la.

By applying an electric field that cycles the ferroelectric in a
subloop of the former wake-up procedure, an increasingly
constricted hysteresis can be observed. The corresponding
curves of the current I versus the electric field E, then, show a
progressing peak split-up right at the voltage of the cycling field
(see Figure 1b). The more subcycles that are applied, the more
pronounced the split-up in the I—E and the constriction in the
P—E graph become (see Figure S1 of the Supporting
Information). The procedure of remerging the peaks by the
cycling with the original, high-field amplitude of 3.75 MV/cm
shows a clear trend: The higher the subcycling amplitude, the
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more cycles that are required to both split-up the
corresponding two peaks during subcycling and remerge
them later again with 3.75 MV/cm amplitude.

As mentioned before, constricted hystereses and their
depinching by a higher field amplitude were reported earlier
also for PZT. However, to the authors’ knowledge, a pinching
by field cycling with lower amplitude has not been reported yet.
In addition to this new observation, the split-up of multiple
peaks is possible as shown in Figure lc. For this purpose, the
desired cycling amplitudes have to be applied in descending
order to not remerge previously split-up peaks. This peak split-
up appears to be possible in an analogous way and in any
arbitrary configuration only depending on the appropriate
selection of voltages and their according number of split-up
cycles.

In the following, harmonic analysis®**" was applied to study
this effect and also to study the defect-related phenomena of
polarization fatigue and wake-up. Morozov and Damjanovic
used a setup with a lock-in amplifier to analyze amplitudes and
phases up to the ninth harmonic.*' They found a phase jump in
the third harmonic during the transition from a constricted to
an open hysteresis. Exploiting such features that mark a clear
point in time makes this method superior to simply arguing
with the P—E or I-E curves. Moreover, comparisons to
predictions of hystereses models like the Preisach model** can
be drawn (see Supporting Information S3 and S4). Nonethe-
less, the method is not limited by the conformity of the
hystereses to any model prediction. If a certain feature such as a
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Figure 2. I-E hystereses for 100 Hz and 10 kHz at 136 and 171 K. The corresponding P—E hystereses are shown as insets with the E- and P-axes
scaled from —4 MV/cm to 4 MV/cm and from —30 uC/cm?® to 30 uC/cm?, respectively.
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Figure 3. (a) Example of the evolution of amplitude (normalized to the respective initial value) and phase against the number of fatigue cycles for f =
10000 Hz and T = 171 K. Jumps in the phase of the seventh and ninth harmonics occur subsequently and are accompanied by a minimum in the
amplitude. (b) Arrhenius-plot of the cycling time at which the phase jumps of the respective harmonic was observed for f = 10 000 Hz. Data points
were extracted from (a) as shown and similarly for the other temperatures between 136 and 298 K.

phase jump can be related to the change in the hysteresis shape,
it can be used to mark a clear point in time for the transition
from, for example, constricted to nonconstricted. Measure-
ments with different frequencies allow distinguishing whether
the cycling time or the number of switching processes is the
figure of interest for the underlying mechanism.

However, this lock-in technique suffers one major drawback:
A certain number of input-channels is needed to monitor all
harmonics at one stretch. Measuring only one harmonic at a
time multiplies the measurement time tremendously. More-
over, no P—E or I-E curves are obtained. The alternative
presented in this work is based on a commercial test system for
ferroelectrics and its fatigue measurement environment. It
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allows automatically acquiring as much dynamic hysteresis
measurements (P—E and I-E curves) per 10 field cycles as
regarded necessary. Afterward, the measured hystereses are
subjected to a Fourier series expansion to calculate the
corresponding amplitude and phase values:

P(t) = By + Bsin(wt + @) + Bysin(ot + ¢,) + .. (1)
where Py represents the amplitude and ¢ represents the phase
of the kth harmonic.

This convenient approach is now applied to study, first, the
wake-up effect and, later, the fatigue and the split-up
phenomenon described at the beginning. The wake-up process
slows down as the temperature T is decreased as shown
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Table 1. Comparison of Activation Energies for Wake-up, Fatigue, and Remerging after Split-Up

phenomenon® f=100 Hz f=1000 Hz f=10000 Hz
wake-up: E,;/E, o in meV 84(+6)/88(+7) 98(£20)/99(+24) 105(+12)/126(+22)
fatigue: E, in meV 48(+7) 56(+14) 103(+13)
remerging after split-up at 1.9 V: E,,/E, o in meV 118(+38)/132(+13) 142(£117)/152(£37) 165(+37)/185(+26)
remerging after split-up at 2.3 V: E;,/E,¢ in meV 105(£29)/129(+22) 111(+40)/129(+28) 124(+28)/138(%35)

“E,; and E, ¢ are the activation energies for the seventh and ninth harmonics, respectively. For fatigue, only one value is given because the maximum

in P, was used as the criterion.

exemplarily in Figure 2. At 171 K and 10 kHz, about 100 cycles
were necessary to no longer see two switching peaks (ie., a
pronounced kink around the coercive field), whereas at 136 K,
it took about 1000 cycles. It can be seen that it is difficult to
assess the exact point where the two peaks are merged into one
peak. As mentioned before, the harmonic analysis provides a
potentially more precise quantitative study of the T-depend-
ence. Moreover, additional features are observed: The switch-
ing peaks become broader for lower temperatures or higher
frequencies and the remanent and maximum polarization
decreases with increasing frequency. This indicates that the
maximum voltage used here was not high enough to sufficiently
saturate all hystereses. Dielectric breakdown limited the
applicable electric fields.

Figure 3a exemplarily shows the evolution of amplitude and
phase of the first 10 harmonics against the number of fatigue
cycles cycling time for 10 kHz at 171 K. A phase jump and an
accompanying minimum in amplitude can be seen for the
seventh and ninth harmonic. The times of the phase jumps
were extracted for all temperatures and are plotted into the
Arrhenius-plot in Figure 3b. Activation energies E, of 105 and
126 meV were extracted for seventh and ninth harmonic,
respectively. Because the harmonics are only a mathematical
representation of the hysteresis shape, the difference might be
surprising, but it is consistent also for all further observations in
this work. This could be interpreted as follows: From Figure 3,
it can be seen that phase jumps of higher harmonics occurred
later in time. Thus, different activation energies could be
explained by different mechanisms dominating the hysteresis
change at the beginning and at the end of the wake-up process.
Moreover, a clear frequency dependence is observed, which
can, at least partially, be attributed to the frequency dependent
change in the switching characteristics as discussed in more
detail in section S5 of the Supporting Information. At 1 kHz,
only 98 and 99 meV are extracted for seventh and ninth
harmonics/, respectively. For 100 Hz, the values of 84 and 88
meV are even lower. In contrast to Morozov and
Damjanovic,””*' no pure time dependence was observed.
Thus, also the number of polarization reversals is important.
Quite likely, Morozov and Damjanovic saw only a phase jump
in the third harmonic since their observation time was too short
to see jumps in higher odd harmonics at the temperatures used.
There is no particular reason why only the third harmonic
should be affected by the pinching/depinching of a hysteresis."®

The effect of polarization fatigue, as it was formerly shown
for Sr:HfO, in ref 13, was studied by plotting the cycling time
at which the remanent polarizations reached its maximum in an
Arrhenius plot (Figure SS of the Supporting Information).
Activation energies of 103, 56, and 48 meV were extracted for
10 kHz, 1 kHz, and 100 Hz, respectively. Besides the lower
absolute values of E,, the more pronounced frequency
dependence gives rise to the assumption that different

mechanisms are responsible/dominant for fatigue and wake-
up (compare section S6 of the Supporting Information).

The novel subcycling induced split-up effect or more
precisely the remerging after split-up was studied analogously
to the wake-up effect by harmonic analysis. First, the samples
were subjected to a treatment consisting of 10° cycles of 3.75
MV/cm amplitude to ensure a proper wake-up and 10°
subcycles to induce a split-up into two distinct current peaks.
Independent of the frequency used for merging, 1 kHz was
used for this pretreatment. To prevent an imprint,” a
depolarization sequence consisting of 10 cycles with linearly
decreasing amplitude from 3.75 MV/cm to 0 MV/cm was
applied. Afterward, the samples were cooled down to study the
merging during cycling with 3.75 MV/cm at different
temperatures again ranging from 298 to 136 K. Similar to
Figure 3, the cycling time necessary to remerge the peak
completely increases as the temperature decreases (see Figures
S6 and S8 of the Supporting Information). The corresponding
Arrhenius plots (Figures S7 and S9 of the Supporting
Information) reveal activation energies in the range of 100—
200 meV, which is slightly higher than that for wake-up and
fatigue but, again, frequency dependent as shown in Table 1. E,
is expected to be a function of the field amplitude®' because this
amplitude bends the energetic potential and, therefore, the
barrier between the opposite stable ion positions. Because of
the limitations given by early dielectric breakdown at too high
fields and nonsaturated hystereses at too low fields, we only
used 3.75 MV/cm as the wake-up/remerging amplitude.
However, similar trends could be achieved by varying the
split-up phenomenon relative to the fixed remerging amplitude.
Here, split-up fields of 1.9 MV/cm and 2.3 MV/cm were used.
As already stated with respect to the split-up experiments
shown in Figure 1, more cycles are necessary to remerge a split-
up induced by a higher subcycling field. As can be seen from
Table 1, a higher subcycling amplitude results in a lower
frequency dependence and an overall lower activation energy.
The former is in total agreement of the findings in ref 21, which
reports higher activation energies for higher merging
amplitudes, whereas we encounter the same for lower split-up
amplitudes. The latter, that is, the changed frequency
dependence, supports the assumption of different mechanisms
being involved in all of the phenomena studied here. Again, a
difference in I-E and P—E characteristics is observed, which
might account for the different values observed for different
split-up amplitudes and frequencies (see sections SS and S7 of
the Supporting Information).

Compared to the values of around 0.6—1.2 eV obtained for
the wake-up effects (aging/deaging) in PZT'**"** or BaTiO,,*
all activation energies are nearly 1 order of magnitude lower.
Also, the temperature range necessary to study the phenomena
on a reasonably accessible time scale is different. In these
perovskites, the oxygen vacancies are also the defects held
responsible for polarization fatigue.”> HfO, (resistive switch-
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Figure 4. Static domains are assumed to be a preferential place for defect accumulation. Assuming defect related domain wall pinning and seed
inhibition mechanism as they are known from ferroelectric fatigue, a progressive inhibition of the nonswitched regions and a facilitated switching of
the regions with lower switching fields is concluded. The expected change in Gibbs energy vs ion position and the I-E curve are sketched on the

right.

ing26) and the chemically very similar ZrO, (fuel cells*”**) are
known for their high oxygen conductivity.””*° Calculated
barrier heights for single jumps between distinct positions in
the monoclinic lattice can be as low as 50 meV, but overall
effective activation energies were calculated to be 0.7 eV for
double positively charged O vacancies and even 2.4 eV for
neutral ones.>" The apparent differences to the observations in
this work are mainly attributed to the different magnitudes of
the applied electric field, several MV/cm for Sr:HfO, instead of
some 10 kV/cm for PZT. The regime might be altered between
the movement and formation of defects within the volume or
along domain or grain boundaries. Former studies of Si:HfO,
revealed that a domain consists of several grains (~30 nm
lateral diameter),* that is, many domains contain paths that
might be preferential for electronic or ionic conduction. In
reliability studies on HfO, based gate stacks, the activation
energies for dielectric breakdown were also reported to increase
with higher frequencies®® similar to what was observed here for
fatigue. It is well-known that dielectric breakdown in HfO, is
related to the generation of oxygen vacancies near the interface
layer.** In PZT based capacitors, the fatigue issues were also
related to a creation of O vacancies. The use of Ir or IrO,
electrodes solved this problem.23 Thus, it would not be
surprising if future studies revealed a dominant role of oxygen
vacancies for the defect-related phenomena of HfO, on the
basis of ferroelectrics presented here. Although this picture
might seem consistent at the present stage of the studies,
another possibility to be considered is a (field induced) phase
transition. Some examples to assess the order of magnitude are
the following: Clima et al.* reported values between 230 and
630 meV for the switching barrier between the two opposite
polarization states, which depended on the dopant material.
Reyes-Lillo et al’ calculated a barrier of 35 meV for the
transition from tetragonal (P4,/nmc, nonpolar, paraelectric) to
the orthorhombic (Pbc2;, polar, ferroelectric) phase in ZrO,.
An upper limit for the transition between the two paraelectric
phases of monoclinic (P2,/c, nonpolar) and tetragonal
symmetry was simulated to be ~200 meV for both HfO, and
ZrO,.” However, in the following, only the explanations related
to defect movement are considered since they are established
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for fatigue and wake-up in conventional ferroelectric such as
PZT.

To especially explain the analog subcycling dependent split-
up phenomenon, a model based on the movement of defects
during the switching processes is discussed. The main
assumption is static, that is, nonswitching regions are a
preferential location for defects to accumulate since such an
environment is more stable both from structural and electrical
points of view. Figure 4 shows how the Gibbs energy versus
(switching) ion position is related to the electric field where the
switching current peaks are observed. A higher barrier between
the two minima in Gibbs energy results in a higher switching
field for the corresponding ion. Whether this accumulation of
defects is expected to take place near domain boundaries,
electrodes, or within the volume is not specified here. The
increasing number of defects progressively impedes the
switching of the corresponding domain similar to what is
discussed for the mechanisms behind the polarization fatigue:
Defects either pin domain walls or inhibit the seeds of domains
with opposite polarization near the electrodes.*® The obtained
activation energies are not to be confused with the barrier
between two stable states in the Gibbs energy versus ion
position shown in the model. The E, values given here describe
the process of defect movement, which is proposed to be the
origin of a change in the local switching barriers.

From the broad current peaks in Figure 1, it is clear that the
switching field is distributed over a wide field range and
lowering the cycling field automatically results in not switching
the regions with higher coercive fields any longer. Cycling again
with the higher field, these formerly static domains appear as a
split-up peak on the higher field side whereas the formerly
cycled regions are represented by a peak located below the
cycling field. During cycling, the split-up becomes more
pronounced. Thus, the switching of the static domains requires
higher and higher fields, whereas polarization reversal of the
switched regions becomes more and more easy. This is
attributed to the distribution of the defects in the film. Hence,
this model is able to explain all experimental observation
related to the splitup of multiple peaks in any desired
configuration as shown in the following. Moreover, it

dx.doi.org/10.1021/am504837r | ACS Appl. Mater. Interfaces 2014, 6, 19744—19751
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automatically implies that the situation before the wake-up is a
result of a somehow processing related nonuniform defect
distribution in addition to a coercive field distribution caused
by, for example, different grain sizes that appear after the wake-
up.
Given the lack of deeper understanding in the physical
mechanism involved in the novel split-up phenomenon, it is
helpful to at least proof, if the proposed model is reasonable
from a mathematical point of view. According to the above
experimental data, Sr:HfO, exhibits a capacitive-type response,
which depends upon the previous history of voltages applied to
this material. In modern parlance,®® such a system is classified
as a voltage-controlled memcapacitive (memory capacitive)

system. Voltage-controlled memcapacitive systems®’ are
described by the equations
‘Z(f) = C(x, V, )V(t) (2)
dx
— =f(x, V, t
5 = ) 3)

where q(t) is the charge on the capacitor at time ¢, V() is the
applied voltage, C is the memcapacitance, which depends on
the state of the system and can vary in time, x is a set of n state
variables describing the internal state of the system, and f is a
continuous n-dimensional vector function. An important step in
the memory device modeling is the identification of specific
physical mechanisms®® responsible for memory response and
associated internal state variables. In S8 of theSupporting
Information, we present a network model of memory effects in
Sr:HfO, in which a discretized density of defects plays the role
of internal state variables. This model is able to reproduce all
properties of the split-up/merging phenomenon as shown in
Figure S11 of the Supporting Information.

B CONCLUSION

A more detailed look into defect-related mechanisms of a rather
new, promising, ferroelectric material was presented. As a
simple binary oxide, HfO, could serve as a model system to
further study the fundamentals of ferroelectricity in a system
without complex composition and chemistry. A time-saving and
convenient approach harmonic analysis was used to study the
temperature and frequency dependence of three phenomena in
Sr:HfO,: (1) wake-up, (2) polarization fatigue, and (3)
pinching/depinching of the hysteresis by electric field cycling.
The obtained activation energies were in the range of 50—200
meV for wake-up, fatigue, and split-up/merging effect but
showed different frequency dependences. Compared to the
values obtained for PZT, these energies are nearly 1 order of
magnitude lower, which was attributed to the comparably high
applied fields for Sr:HfO,. Also, the much higher number of
grain boundaries and corresponding defects per volume
compared to the PZT ceramics in other studies should be
taken into account. Moreover, the novel analog split-up/
merging phenomenon was, to the author’s knowledge, reported
here for the first time. A modeling approach based on
memcapacitive behavior was used to explain the observed
phenomena as a result of different local defect concentrations.
It was assumed that the observed cycling response is associated
with a migration of defects from actively switching domains (at
a given cycling field amplitude) to passive ones. Although
temperature-dependent studies were only performed for 3.4 cat
% Sr, the behavior is similar for other concentrations and other
dopant materials. Tuning the kinetics of this effect by
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appropriate processing, it might be of special interest for
multilevel cell memories® or smart operating schemes with a
rejuvenation of a fatigued P, by only a few pulses of higher
amplitude after a certain amount of stress cycles to prolong the
endurance of the memory cell.

B EXPERIMENTAL PROCEDURES

Metal-ferroelectric-metal (MFM) stacks were fabricated on a
lightly p-doped Si substrate. The TiN bottom electrode and the
Sr:HfO, dielectric, 10 nm each, were deposited by reactive
magnetron sputtering at room temperature and thermal atomic
layer deposition (ALD) at 300 °C, respectively. The Sr content
of the sample was adjusted by the ratio of HfO, and SrO ALD
cycles using a HfCl,/H,0 and a Sr("BuyCp),/H,O process.
The resulting Sr content was determined to be 3.4 cat% (cat%
= Sr/[Hf + Sr]) by Rutherford backscattering spectroscopy.
The further sample preparation included a reactive magnetron
sputtering of the 12 nm TiN top electrodes (TE) at 200 °C and
a N, anneal for 20 s at 800 °C to crystallize the previously
amorphous Sr:HfO,. Finally, circular contact pads consisting of
a 10 nm adhesion layer of Ti and 50 nm Pt were deposited
through a shadow mask on top of the samples in an electron
beam evaporator. These pads define the MFM capacitor
structures subsequently patterned by an SC1 etch to remove
the TiN TE. Electrical measurements were performed with a
TF Analyzer 3000 with FE-Module (aixACCT Systems).
Harmonic analysis’>*' was applied to study the wake-up and
the split-up/merging effect. Phase jumps in seventh and ninth
harmonic were used as an indicator for a transition between a
pinched and a depinched hysteresis shape. In contrast to the
direct measurement with lock-in technique presented in refs 20
and 21, here the fatigue measurement environment of the TF
Analyzer 3000 was used. Within this environment, rectangular
stress cycles and triangular measurement cycles were applied
during the dynamic hysteresis measurements to extract a P—E
hysteresis 3 times per 10 stress cycles. Afterward, the data was
subjected to a Fourier series expansion to obtain amplitude and
phase values of the respective harmonics and to plot this data
against the number of field cycles as shown in Figure 3a. This
procedure was repeated for different temperatures to plot the
time of the phase jump versus inverse temperature to extract
the activation energy of the seventh and ninth harmonic. For
the fatigue effect, the approach was different. Here, the onset of
fatigue was linked to a point in time when P, started decreasing
and not to phase jumps in any harmonic.

B ASSOCIATED CONTENT
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