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ABSTRACT: For the rather new hafnia- and zirconia-based
ferroelectrics, a lot of questions are still unsettled. Among them is
the electric field cycling behavior consisting of (1) wake-up, (2)
fatigue, and (3) the recently discovered subcycling-induced split-
up/merging effect of transient current peaks in a hysteresis
measurement. In the present work, first-order reversal curves
(FORC:s) are applied to study the evolution of the switching and
backswitching field distribution within the frame of the Preisach
model for three different phenomena: (1) The pristine film
contains two oppositely biased regions. These internal bias fields
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vanish during the wake-up cycling. (2) Fatigue as a decrease in the number of switchable domains is accompanied by a slight
increase in the mean absolute value of the switching field. (3) The split-up effect is shown to also be related to local bias fields in
a complex situation resulting from both the field cycling treatment and the measurement procedure. Moreover, the role of the
wake-up phenomenon is discussed with respect to optimizing low-voltage operation conditions of ferroelectric memories toward
reasonably high and stable remanent polarization and highest possible endurance.
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B INTRODUCTION

Ferroelectricity in Si-doped HfO, thin films was first reported
in 2011." In the following years, this behavior was shown for a
variety of different dopants® and for a solid solution of HfO,
and ZrO,.”* This new class of ferroelectrics started attractin
attention of both theoretical’™® and application oriented” ™"
groups. Nonetheless, the polycrystalline structure of the only
some ten nanometers thin films and the variety of rather similar
potential hafnia phases hampered the structural analysis.
Consequently, it took four years until the question of the
structural origin of this unexpected behavior could finally be
settled using a combination of scanning transmission electron
microscopy and electron diffraction. Sang and co-workers
proved the originally claimed orthorhombic Pca2; (or in a
different setting formerly called Pbc2,) as the root of the
structural ferroelectricity in Gd:HfO,.'* Besides understanding
the origin of ferroelectricity, also a comprehensive picture of
the evolution of the polarization hysteresis versus continuous
switching cycles is crucial. Since this hysteresis is the central
property utilized in applications such as ferroelectric memories,
it is necessary to know the reasons behind this behavior and
how to influence it.

This so-called “electric field cycling behavior” consists of

three different phenomena'® (Figure 1):

(1) “Wake-up”: A pristine sample exhibits a pinched
hysteresis loop that opens up during electric field cycling
and is mostly also accompanied by an increase of the
remanent polarization P,.. In conventional ferroelectrics,
this is effect is sometimes also called deaging.'®"”
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Figure 1. Schematic of the experimental observations for the three
phenomena condensed in the term “electric field cycling behavior”.

(2) Polarization fatigue: P, starts gradually decreasing after a
certain amount of switching cycles, which is related to a
reduced amount of switchable domains. Different reasons
such as domain wall pinning and seed inhibition are
discussed in the literature."®

(3) “Split-up” effect: Subjecting ferroelectric HfO, to a
certain amount of subcycles, the saturated hysteresis
starts to look pinched. In the transient current response,
there is a split-up of one original peak into two peaks
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Figure 2. Outline of the first-order reversal curve (FORC) approach: The utilized field sweep from positive saturation to obtain p~ (left); the
corresponding polarization and transient current loops (middle); calculated experimental Preisach density (right). With the applied field sweep
shown on the left, it is possible to calculate one-half of the switching density in the Preisach plane shown on the right. For the depicted version of the
field sweep, E equals the switching field E and E, equals the backswitching field E. Out of the sweeps from the first reversal field E; to the last
reversal field E, ,, one example was chosen as the i-th curve (red dashed lines) to illustrate how the measurement translates to the obtained switching

density plot.

close to the subcycling amplitude. Cycling the sample
again with higher amplitude, the split-up vanishes.
Moreover, this new phenomenon was reported to be
an analogue mechanism and also multiple split-ups at
different fields were demonstrated simultaneously. The
proposed model capable of explaining all these findings
was based on the claim that static (i.e, nonswitching)
domains attract defects during the subcycling procedure,
which increases the switching field in favor of the
switchin% fields of the nonstatic (i.e, switching)
domains."

All three phenomena were studied in this work using a
Sr:HfO, sample prepared as described earlier.'> A recent review
article summarized potential reasons for deformed hystereses
found in literature.'” It emphasized that the application of first-
order reversal curves (FORCs) is a suitable approach to
distinguish between several of these potential mechanisms.
FORC measurements allow conclusions on the switching field
distribution within the frame of the Preisach model.** This
approach, originally used to characterize magnetic materials,”’
was successfully adapted also to conventional ferroelectrics in
the past and described there in more detail.”>** Figure 2 shows
the procedure of this measurement and the derivation of the
switching density p~ for the case of probing the reversal fields
E,; in descending order,” i.e. by field sweeps starting at positive
saturated field region. The central characteristic obtained from
this approach is a frequency distribution in the so-called
Preisach plane. In the depicted case, it is calculated as the mixed
second derivative of the recorded polarization P~(E,E)
response of the ascending branches of the field sweeps as
follows from eq 1. The easiest numerical calculation of this
switching density can be illustrated as follows: For each i-th
reversal field E,; plotted as the y-axis of the Preisach density, the
difference in the transient current response to the current
response of the previous reversal field AI(E,,E) = I(E,,E) —
I(E,;_\,E) is plotted versus the field E with E, < E < E,, ie,
for the field sweep between the reversal field and the maximum
field (positive saturation). Starting from the upper right corner
at E, = E_,, one horizontal line per E, step can be drawn into

the graph until the complete lower right half below the diagonal
E, = E is filled:

- 1 0°Prorc(E, E) 1 9porc(Ev E)
o5, B) = L OB B) L Trone T B
2 OEJE 2E  OE,
N LjF_ORC (E,» E) = jrorc (Eoi-v E)
2E E—E;.

(1)

So, the change of the switching peak in the current density
j(E»E) compared to the previous curve j(E, ,E) on the
ascending field branch toward positive saturation can be traced
back to the additional fraction of domains switched to negative
polarization (backswitching) by a sweep down to E,; instead of
only to E,;_;. Consequently, a backswitching field E, = E,; and
a switching field E; = E (with a precision given by the resolution
of the measurement grid) can be attributed to these additional
domains. If the depicted field sweep is mirrored at the time axis,
the respective switching density can be calculated from the
descending branches of the sweep and then called p*
(according to the way of probing E; in ascending order).
Ideally, p* and p~ should look the same. This switching density
(or experimental Preisach density) allows identifying what
share of the polarization response has a certain field for
switching to positive polarization P (switching field E) and
negative polarization —P (backswitching field E,), which
cannot be unambiguously extracted from a simple hysteresis
measurement.

A coordinate transformation as shown in eq 2 can be
used to plot the switching density versus the coordinates of
coercive field E_ and the bias field Ey;,, which are the closely
related terms normally discussed when describing a P—E
hysteresis.

22,26

g _E-E . _ g
c 2 » “bias 3 (2)

However, in this work, the switching densities are plotted as a
function of (E,E) because some important conclusion cannot
be drawn from the plot versus (EE,;,)- Nonetheless, the latter
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notation was used to describe the results in the text similar to
what is common for describing P—E hystereses.

Another important point discussed in literature, is the
following: Besides the derivation of information about
switching domains, a FORC measurement can also be used
to obtain information about reversible processes. Along the
diagonal E, = E (or E,, = E,), the switching and backswitching
field are the same, which hints on reversible contributions to
the FORC density. Experimental”” and mathematical’**
approaches exist to probe these contributions. The former
use a small-signal superimposed to the large signal of the
FORC:s. Similar to a small-signal capacitance—voltage measure-
ment, maxima in the response signal do not stem from
switching domains, but from the lattice and oscillations of
domain walls.”* The mathematical approaches numerically
calculate a switching density around the diagonal E, = E (Ey,, =
E,) and defines the outcome as reversible contributions. In both
approaches, difficulties result from the definition of what is
“reversible”. The Preisach model itself formally allows also
hysterons with a rather small difference between E; and Ey,.
The measure to distinguish between “irreversible” and
“reversible” are the field amplitude of the small signal excitation
or the grid that samples the (E,E)-plane. The big advantage of
the experimental approach results from the fact, that the small-
signal is usually integrated over several periods and thus
depends on reversibility, which is not the case for the response
extracted from the mathematical approach. However, in either
case, the definition of “reversible” can be debated due to the
arbitrary choice of a legitimate field difference between Ey and
E. In the present work, it should suffice to know that
phenomena around this diagonal, which are always clearly
distinguished from the main peak(s), are due to either these
reversible phenomena or artifacts from the measurement
itself.”

In the following section, the results of the FORC studies of
wake-up, fatigue, and split-up are discussed.

B RESULTS AND DISCUSSION

The wake-up effect was studied by adapting the procedure
described in ref 15. FORCs were measured on a pristine
capacitor and on further capacitors previously subjected to 10,
100,... rectangular switching cycles at 10 kHz and 4 MV/cm
amplitude. Figure 3a shows the switching density and
corresponding pinched P-E loop in the inset. It can be clearly
seen that the pristine sample exhibits two oppositely biased
regions, around +1.3 and —1.5 MV/cm with coercive fields of
about 2.0 and 2.2 MV/cm, respectively. As Figure 3b shows,
these peaks merge during cycling until after 1000 cycles only
one maximum remains at nearly zero bias and with a slightly
increased coercive field of 2.3 MV/cm (Figure 3c). This proves
that the presence of internal bias fields in the pristine Sr:HfO,
sample is similar to what was reported also for conventional
ferroelectrics like lead zirconate titanate PZT*”** and also
illustrated from a pure mathematical point of view.”® As the
insets show, the remanent and maximum polarization increases
during this initial stage of the field cycling treatment indicating
the activation of initially nonswitching domains (or the creation
of additional ferroelectric phase fractions).

Going to a higher number of field cycles, the onset of fatigue
is observed. This effect was studied in a similar way by
comparing the FORC results of the sample directly after wake-
up (Figure 3b) to a fatigued sample. Figure 4a shows the
evolution of the 2P, (two times the remanent polarization
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Figure 3. Wake-up for 4 MV/cm amplitude: Experimental switching
density determined for (a) a pristine capacitor, (b) after 100, and (c)
after 1 X 10* rectangular switching cycles. The insets show the
respective polarization hystereses (extracted from each last FORC
cycle) for comparison. The solid line of each inset is the hysteresis for
the accompanying switching density plot, whereas the dashed lines are
the respective two other hystereses for comparison.

obtained from the Jast FORC-sweep from positive to negative
saturation and back) and the peak height(s) pn. of the
switching density versus the number of switching cycles for a
field amplitude of 3 MV/cm. Even after the peak in 2P, the
trend of peak merging persists as evidenced by the still growing
maximum value of p_,. This might point to different
mechanisms being involved in the wake-up and fatigue effect,
which is in accordance to what was speculated due to the
different activation energies and their frequency dependences."
The switching densities and P—E hystereses corresponding to
the maximum in this curve (= end of wake-up; 1 X 10* cycles)
and a clearly fatigued state (1 X 10° cycles) of the sample are
depicted in Figure 4b, c, respectively. Domain wall pinning'® as
one mechanism proposed to explain fatigue, should give rise to
an increase of reversible contributions i.e. the observation of
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Figure 4. Fatigue for 3 MV/cm amplitude: (a) Evolution of 2P, and
(b) the peak height(s) of the switching density with the number of
switching cycles and corresponding switching density plots obtained
for 10* cycles, i.e. after wake-up and after 1 X 10° cycles (c), ie., in a
fatigued state. The solid line of each inset is the hysteresis for the
accompanying switching density plot, whereas the dashed line is the
respective other hystereses for comparison.

maxima close to the diagonal E, = E, which is not clearly
supported by our data. Comparing the two pseudocolor plots, it
can be seen that the maximum becomes less pronounced and
only slightly changes its position in E. and surprisingly also in
ELi.- The coercive field stays nearly constant at 2.0 MV/cm and
is accompanied by a slight shift from 0.2 MV/cm toward a bias
field of 0.3 MV/cm. This bias shift is not necessarily expected,
but it points to a further evolution of asymmetry in the
nominally symmetric TiN—Sr:HfO,—TiN capacitor stack. An
imprint effect caused by the measurement itself is negligible
comparing the only 60 FORC sweeps to the 1 X 10° cycles
before. An initial asymmetry (ie., before wake-up cycling) in
nominally symmetric capacitors was reported by several groups
before.””*”'”*" For TaN electrodes it was argued, that
differently oxidized interfaces between HfO, and the electrodes
result in a higher O vacancy accumulation at the bottom
electrode.””*” This high concentration of positive charges was

20227

concluded to favor the positive side of the ferroelectric dipoles
to be directed toward this electrode.”” For TiN-electrodes, a
similar effect was also proposed.'” If a similar mechanism is
involved here, a preferential movement of O vacancies toward
one of the electrodes during cycling could be concluded.
Besides vacancy movement, differently strong char;ge injection
through or into the different Ti—O—N layers”””” near the
electrodes might also be an effect that results in the change
from a symmetric to an asymmetric situation again. During
wake-up, a redistribution or charging/discharging of defects
states inside the HfO, might first give rise to the evolution of
the switching density toward a more symmetric situation. Once
this redistribution is established and complete, a second
mechanism leading to the observed less pronounced asymmetry
becomes visible. Different activation energies for fatigue and
wake-up also support the coexistence of two superimposed
effects.”

Both, wake-up and fatigue are detrimental for the operation
of a capacitor based ferroelectric memory.”*” These memories
typically consist of large arrays of single memory cells. In each
of the cells, an access transistor is used to select the cell to be
read or written at a certain point of the memory operation. The
states “1” and “0” are stored as the polarization directions of the
ferroelectric in the storage capacitor of the cell. Writing is done
by applying either a positive or a negative field across the
capacitor to switch it into the respective state. For the read
process, a pulse of the same amplitude but always only one and
the same polarity is applied. Depending on the polarization
state, either a high (switching case) or a low (nonswitching
case) amount of displaced charge can be sensed.’”> The
remanent polarization defines the ratio of the displaced charge
in the switching and nonswitching case during the read
operation of the two states of the memory. To achieve a reliable
and scalable memory, 2P, has to be of reasonable magnitude
(e.g, >6 uC/cm*) and stable over the number of switching
cycles.”® Depending on the targeted type of memory, additional
requirements have to be met. For the ambitious aim of a
nonvolatile random access memory (RAM), unlimited cyclic
endurance (in practice, >1 X 10" cycles) and data retention
(typical criterion, >10 years) have to be guaranteed.”” The so-
called “voltage—time dilemma”*” limits not only the achievable
switching times but also the simultaneous optimization of the
device toward maximum retention and endurance

(1) A long data retention is based on a high barrier between
the two stable states of the ferroelectric’s double-well
potential and corresponds to a high coercive voltage/
field, which from the retention perspective should be as
high as possible.

(2) This also increases the voltage necessary for fast

switching or the other way around: At a given operation

voltage, the switching process becomes slower as the
barrier increases.

(3) A high field across the ferroelectric causes a faster

degradation due to defect generation/movement, which

results in faster dielectric breakdown. Also the mecha-
nisms leading to polarization fatigue might be enhanced.

Finally, the higher the switching voltage for a given

charge carrier, the higher the energy consumption. Even,

if the energy consumption for a single switching process

(4)

itself is not critically increased, a higher voltage has to be
provided by the peripheral circuitry of the memory cell.
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For a volatile type of RAM similar to, for example, a dynamic
random access memory (DRAM), the retention criterion
strongly relaxes to the second range.”® Thus, the material
development can be focused on maximizing the endurance and
keeping the operation voltage as low as possible while still
retaining a sufficient margin for the read operation. Such
DRAM-like® devices based on ferroelectric hafnia have already
been implemented utilizing a ferroelectric field effect
transistor,”” but also capacitor-based memory cells are
conceivable. Because of the high coercive fields in the order 1
MV/cm for HfO,-based ferroelectrics, dielectric breakdown is a
limiting factor in the endurance data found in literature. The
endurance could be increased by several orders of magnitude by
operating the capacitors at reduced fields, ie, in a sub-
cycle.' =" Because of the high coercive field compared to, e.g.,
PZT, the performance in data retention”*** might be less
critical even in a ferroelectric field effect transistor with much
higher expected depolarization fields* than for a capacitor.

FORCs were used to exemplarily study the capabilities of the
present Sr:HfO, sample to point out the limitation caused by
wake-up and fatigue. Figure Sa shows plots of 2P, vs the
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Figure 5. Optimization problem to solve: (a) Evolution of 2P, for
different field amplitudes as a function of the number of cycles and (b)
switching density of the initial sample obtained with a FORC
amplitude of 4.5 MV/cm). The triangular white frames represent the
accessible range of domains for the respective lower field amplitudes.

number of cycles for different field amplitudes. It can be seen,
that for the highest amplitudes of 4.5 MV/cm, a 2P, up to 47
uC/cm? can be achieved. However, the endurance is limited by
dielectric breakdown to only around 1 X 10 cycles. Reducing
the amplitude to 3.75 and 3.0 MV/cm causes a decrease of the
maximum 2P, margin by 8 and 32 uC/cm? respectively.

Nonetheless, with these operating conditions, the capacitors are
able to withstand 1 X 10* and 1 X 10° cycles, respectively, when
cycled at 10 kHz. The initial 2P, are about 40 and 30% of the
maximum value. For 3.0 MV/cm, the onset of fatigue is clearly
visible at 1 X 10* cycles and reduces the 2P, value to about 70%
before dielectric breakdown ends the lifetime of this capacitor.
A further reduction of the amplitude to 2.25 MV/cm, which is
still higher than the coercive fields in Figure 3, results in a
higher endurance of 1 X 10°® cycles and a lower variation of 2P,
between 45 and 50% of the maximum value achieved after 1 X
10* cycles. However, the tremendous drop of the maximum 2P,
to only 2.4 uC/cm® makes this operation condition
unfavorable. So overall, none of the given conditions satisfied
the criteria of a stable and reasonable high 2P, over a noticeable
amount of switching cycles. Of course, the frequency of 10 kHz
used in this fundamental study is at least 3 orders of magnitude
lower than what is of interest for an integrated device. A
stretching of the curves in Figure Sa along the x-axis by at least
the same factor is expected which relaxes the situation.
Nonetheless, the strong drop in the maximum 2P, margin is
still an issue and might seem a bit surprising, given that all used
fields are well above the E_ values shown in Figure 3: For 2.25
MV/cm the maximum 2P, was 2.4 instead of 47 C/cm?. Even
for 3.0 MV, which is clearly above E,, only 15 #C/cm? could be
achieved. A simple description of the ferroelectric behavior with
P, and E_ is insufficient. Figure 5b illustrates the reason behind:
2.25 MV/cm is too low to reach to the maxima in the switching
density. The domains of the upper right maximum are switched
to negative polarization (if they have not been in this state
already), but the switching to positive polarization cannot be
achieved because the applied field is below the necessary
switching field. For the domains of the maximum in the lower
left part of the FORC density, the situation is the other way
around: The domains are stuck in the positive polarization state
once they are switched there. The field amplitude does not
reach the back switching field. Thus, nearly zero domains take
place in the endurance experiment once the first field cycle
from 0 to +2.25 MV/cm, —2.25 MV/cm and back to 0 is
completed. Also for 3.0 MV/cm the initial maxima in the
switching density are outside the accessible range (white
triangle), which explains the strong decrease of 2P, in Figure Sa.
Figure Sb clearly shows that the existence of two oppositely
biased initial maxima in the switching density hampers a further
optimization of the device toward lower switching fields. It
impressively proves that the initial situation, which causes the
wake-up effect, is critical for the operation of the envisaged
memory application and has to be improved by optimized
fabrication processes. Annealing could be a main knob,” but in-
depth studies dedicated to the problem are still missing. In
PZT-based commercial ferroelectric memories, the fatigue
problem has been solved by (1) an optimization of the
stoichiometry with respect to Pb content™* > and (2) using Ir
or IrO, electrodes,”” which do not pull oxygen out of the
ferroelectric film. The potential role of the TiN electrodes in
the wake-up effects was already discussed above. Thus, a proper
choice of electrodes for HfO, could also be the solution to both
fatigue and also the wake-up effect. Another perturbing effect
for the operation of ferroelectric memories is the so-called
“imprint”, the shift of the polarization hysteresis toward one
direction of the electric field.”” It is the result of the stabilization
of one state to the disadvantage of the other polarization
direction. This effect is also related to (charged) defects and,
applying this concept by analogy, the situation before wake-up
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could be called a “double-sided imprint”. The solution of one of
the phenomena might also solve or mitigate the issues with the
other mechanisms. Besides processing, a short wake-up
sequence with higher amplitude prior to low-voltage operation
might be a workaround. But because it requires either an
external cycling of all capacitors or the integration of a suitable
periphery providing this high voltage on the chip, this solution
seems less favorable.

In a third experiment, the split-up/merging phenomenon of
transient current peaks was investigated. A sample after wake-
up cycling (similar to Figure 3c) was subjected to 1 X 10° cycles
at 2 V to induce the very pronounced pinching in the hysteresis
(inset of Figure 6a) as the result of the split-up in the transient
current peaks. After this subcycling treatment, a FORC
measurement was performed to see the manifestation of the
split-up effect. As can be seen from Figure 6a, the subcycling
sequence resulted in two maxima similar to the situation before
wake-up. After the split-up, there are clearly two regions with
coercive fields of around 2.3 and 2.6 MV/cm and strongly
different bias fields of +0.8 and —0.8 MV/cm, respectively,
which is in contrast to the existing model mentioned in the
introduction. That model was based on the assumption that
static domains act as preferential locations for defects which
cause an increased field to switch these domains in favor of the
domains that took part in the switching during the subcycling
sequence.'” In such a case, two maxima aligned along the E.'
diagonal would be expected.19 From the present measurements,
the split-up/merging effect seems to be similar to the wake-up.
It is, moreover, reversible by cycling with the higher amplitude.
Figure 6b looks similar to Figure 3c again because it was
obtained after subjecting the sample of Figure 6a to 1 X 10*
cycles at 4 MV/cm again. Thus, an explanation similar to what
was proposed for PZT might be tempting and an apzproach
based on local imprint/internal bias fields could be used.””*° As
the originally proposed model, this “imprint-like” explanation is
in accordance with the evolution of the split-up with the
number of subcycles shown in Figure S1 in the Supporting
Information of ref 15. Nonetheless, the reported occurrence of
multiple split-ups close to the fields used for subcycling still
needs further investigation. Figure 6c shows the switching
density after a subcycling treatment with first 1 X 10° cycles at
2.5 MV/cm and then 1 X 10° cycles at 1.5 MV/cm. Instead of
only two maxima, four maxima are observed, which is in
contrast to the former model approach presented in ref 15
which would require three maxima along the E_'-axis. It should
also be noted, that the slope of branches from saturation toward
zero field in the P—E hystereses did not strongly change. A
change would have hinted to a different effective relative
permittivity, i.e. changes in the dielectric properties (i.e., a hint
to a phase change) of the ferroelectric or interfacial layers.

Figure 7 shows, how the results can be explained within the
frame of a different local biasing of different domains of the
sample as a result of one or more subcycling sequences. Figure
7a—c illustrate the Preisach plane and the polarization direction
(up or down = positive or negative with respect to sign
convention given by the electric field E) at different stages of
the performed experiment for a single split-up (a subcycling
sequence with one field amplitude). The horizontal and vertical
lines indicate the amplitude of the subcycling field E , on the
switching and backswitching field axis. The insets sketch the
applied pulse train, where the highlighted pulses indicate the
already performed fraction of the pulse train. Figure 7a shows
the situation during the wake-up cycling with the high
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Figure 6. Split-up/merging for 4 MV/cm amplitude after wake-up
treatment (see Figure 3a): Experimental switching density determined
for (a) a capacitor subjected to 1 X 10° cycles of 2 MV/cm (split-up)
amplitude, (b) the same capacitor after 1 X 10* merging cycles of 4
MV/cm amplitude, and (c) a capacitor subjected to a double split-up
by subsequent cycling at 2.5 MV/cm and 1.5 MV/cm for 10° cycles
each. Note the different pseudocolor-scale of (c). The solid line of
each inset is the hysteresis for the accompanying switching density
plot, whereas the dashed lines are the respective two other hystereses
for comparison.

amplitude: All domains are steadily switched back and forth
and at the end of the sequence, the switching density already
shown in Figure 3c is obtained. The white outline is also drawn
in Figure 7b—d as a reference. As the next step, a FORC
measurement is performed leaving all domains switched to
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Figure 7. Evolution of the polarization state during the pulse train of the split-up experiments. See text for a detailed explanation of the manifestation
of the split-up effect as a local imprint/internal biasing mechanism with (a—c) one and (d) two subcycling field(s).

positive polarization (Figure 7b) as a result of the applied field
sweep sketched in Figure 2. For the sake of simplicity, the
sketch is not 100% precise here since it treats the upper right
quadrant not properly: The domains in this area should be
switched to negative polarization, but virtually no domains exist
in the region so it is treated similar to the neighboring regions
below the E -axis.

Now the subcycling sequence follows. Figure 7c shows that
all domains with E,; and E; below E, are steadily switched
back and forth. The domains with an absolute E,, > E,, (lower
left and lower right part of Figure 7c) are stuck in the positive
polarization state because they cannot be switched to negative
polarization. In contrast, the domains with E,; < Eg; are
switched to negative polarization during the first subcycle and
for E; > E;, the domains retain this negative polarization state
during the whole remaining subcycling sequence (upper right
part in Figure 7c). No changes to this situation occur during the
whole subcycling sequence, but the high applied fields are likely
to move or inject charges into the film during subcycling. This
stabilizes the sketched situation and results in an imprint of the
respective regions as sketched by the dashed arrows parallel to
the bias field axis. Consequently, a split-up of the single
maximum after wake-up into two oppositely biased maxima
after the subcycling sequence is observed.

Figure 7d shows the corresponding—more complex—
situation for a subcycling sequence with two different field
amplitudes as a double split-up. As the sequence with the first
(the higher) subcycling amplitude E,; starts, the domains in
the lowest and most right part of the Preisach plane get stuck
and only in the second subcycling sequence the domains of the
next inner part of the Preisach plane are affected. These
domains start at a lower E. and start being subject to the
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imprint effect later in time and with a lower field amplitude
E,, (charge movement/injection is less effective). This results
in the occurrence of two maxima at higher E_ and higher E;,;
and two at lower E_ and lower Ey, as it is shown in Figure 6c.
Two important details should be noted: (1) The asymmetry
with respects to the diagonal E.’ in Figure 7d is not due to an
asymmetric sample configuration. Even when interchanging the
external wires to top and bottom electrode, the obtained
switching densities look always like in Figure 7d. From the
model, precisely this result is expected, because the central
square with E; and E, greater than E,, but smaller than E ;,
moved toward positive biased fields. (2) According to the
proposed explanation, a maximum at zero Ey;  and the lowest
E_ should remain which corresponds to the domains steadily
switched during the whole pulse train. In Figure 6a and 6¢ one
might speculate that this is reflected in the slight plateau in the
switching density around E. = —1.5 MV/cm and E = +1 MV/
cm, but its manifestation is too weak to take it as clear evidence.
This hints to interactions between the domains (and/or moved
charges/defects), which are of course not taken into account in
this simple model but are highly likely in real films.

The FORC approach is not able to proof the movement/
generation of defects or charges, but it proves similarities
between the new class of hafnia and zirconia based ferro-
electrics and conventional ferroelectrics. Nonetheless, material
specific differences should be taken into account when
interpreting the results. In PZT, pinched hysteresis are
discussed to stem from diffusion of defects into charged,
strained domain walls or dipole reorientation within the
perovskite unit cell.”’” All of these mechanisms could in
principle play a role for HfO,/ZrO,-based ferroelectric as well.
In PZT, the reorienting dipoles within the unit cell stem from
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oxygen vacancies induced by acceptor doping. Because of the
solubility limit of, for example, <1% (cationic ratio) for Fe
doping of PZT ceramics,” the amount of oxygen vacancies
induced by that doping is also limited to a similar range. For
thin films, the solubility limit was reported to be increased to
about 5%, but the charge neutrality is achieved bZ the creation
of holes rather than by oxygen vacancies.”” For HfO,,
terroelectric properties have been reported for concentrations
typically around 3—6% (dopant/[dopant + Hf]).” Moreover,
even pure HfO, thin films fabricated by atomic layer or sputter
deposition are to a certain extent substoichiometric*® and thus,
the overall concentration of oxygen vacancies is expected to be
higher than for PZT. An additional difference arises from the
fact that oxygen is the ion that switches in the unit cell. In PZT,
it is the Zr or Ti ion that is surrounded by an octahedron of
oxygen ions. The situation becomes even more complex, given
the reports on the effect of oxygen vacancies on the stability of
the ferroelectric phase compared to the competing paraelectric
phases.””” It was already pointed out, that the electric fields
applied to HfO,-based ferroelectric are at least 1 order of
magnitude higher than for, for example, PZT and that HfO,/
ZrO, are known for their high oxygen mobility.'” This gives
rise to speculating about the movement of oxygen-related
dipoles/defects through the whole film and not only within a
unit cell or toward grain boundaries. Also a generation of new
defects is supported by higher fields. An in situ study by
transmission electron microscopy confirmed the generation and
movement of oxygen and oxygen vacancies in a 10 nm thick
HfO, film at similar conditions.”’ However, the redistribution/
generation of charges or defects needs further investigations
also via structural methods or simulations. Up to now, only one
first simulation approach exists for HfO,-based ferroelectrics:>*
Wake-up can be caused by an asymmetric distribution of
charged defects at top and bottom electrode. These defects
from the interfaces become redistributed into the volume of the
ferroelectric during the peak merging as seen during the wake-
up procedure. Fatigue was discussed as fairly symmetric
generation of static defects and charging at both interfaces,
which shield the electric field and thus, cause a decrease in
switched polarization similar to a dead or passive layer effect
discussed elsewhere.*® The role of the TiN electrodes and the
formation of a Ti—O—N layer was discussed already in the
frame of the wake-up and fatigue effects.

B CONCLUSIONS

In conclusion, switching density plots were obtained using the
approach of first-order reversal curves (FORCs) for samples
subjected to different field cycling sequences. The manifes-
tations of three different phenomena were studied: (1) wake-
up, (2) fatigue, and (3) merging after split-up by subcycling. All
three phenomena are of crucial relevance for, for example, the
application in ferroelectric memories. FORC measurements
were shown to be a suitable method to gather deeper insights
into the evolution of the switching behavior than a single
dynamic hysteresis measurement would allow. The experiments
on the wake-up effect showed that a pristine sample exhibits at
least two distinct maxima in the switching density, which are
biased against each other and merge together into one single
maximum around zero bias field during field cycling. For even
higher numbers of cycles, this maximum decreases and slightly
shifts toward higher coercive fields, which is in accordance with
a decreasing number of switchable domains and an impaired
reversal of the remaining switchable domains. Even more
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importantly, it was demonstrated how both the fatigue and the
wake-up effect are detrimental for the subcycle-operation of a
capacitor based ferroelectric memory and that an optimization
of the fabrication conditions is needed to achieve stable, low-
voltage operating conditions with reasonable P, and highest
possible endurance. A solution to that optimization problem
can only be provided by suitable fabrication processes that
result in only one distinct maximum in the switching density,
most favorably without internal bias field. Here, detailed studies
are still missing. The alternative of a short wake-up sequence
with higher amplitude prior to low-voltage operation would
require an external cycling of all capacitors or the integration of
a suitable periphery providing this high voltage on the chip and
is, thus, not the most favorable workaround. Finally, the split-
up/merging phenomenon was shown to be similar to the wake-
up effect based on a local imprint/internal biasing mechanism.
The originally claimed model proposed in a former
publication is not supported by the results. Indeed, the
split-up is based on inducing differences between switching and
nonswitching domains as formerly proposed, but the
mechanism behind results in locally different bias fields rather
than in changes of the coercive fields. A detailed description of
how to explain the complex situation of multiple split-ups
within the frame of local imprint/biasing was given. So on the
one hand, this study evidences the potential of FORC for in-
depth investigation of the field cycling related phenomena as it
is required for future material optimization by adjusting the
capacitor or transistor gate stacks and their preparation
processes. On the other hand, it impressively illustrates the
complexity of the interplay between ferroelectric domains and
(charged) defects especially at comparably high electric fields of
a few MV/cm. Similarities and differences of HfO, and PZT
were discussed to stimulate the discussions about the
underlying mechanisms and future work in this direction.

B EXPERIMENTAL PROCEDURES

A Keithley 4200 SCS equipped with a pulse generator and an
oscilloscope unit was used to apply the FORC sweeps and
measure the displacement current as a voltage drop over a 50
series resistor. This setup allowed up to one million samples
and the realization of a 60 X 60 (E,E)-grid. The time between
two measurement points was adjusted to the maximum voltage
to ensure a comparable field ramp between 8 and 9 V/(cm s)
for all FORCs. For data analysis a mathematically more robust
procedure than the illustrative one described in section 2 was
chosen, which is similar to what can be found in ref 21. For the
analysis of the FORC data, a script was implemented in
MATLAB (version R2011b). A polynomial surface of second-
order was fitted to each data point (E,E) with smoothing on a
5 X 5 grid (equals a smoothing factor of 2°'). Also the
rectangular cycling sequences between the FORC measure-
ments were applied using the Keithley 4200 SCS and started, as
Figure 7 illustrates, at 0 MV/cm with a positive pulse and
ended at 0 MV/cm after a negative Pulse. The times between
cycling sequence and measurement were in the range of a few
seconds because of the change between different programs. The
obtained FORC distributions were stable for at least several
hours if the sample was not subjected to electric field cycling.
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