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The wake-up effect in yttrium doped hafnium oxide is investigated by pulse measurements, reveal-
ing the initial distribution of oxygen vacancies within symmetrical and asymmetrical layer stacks.
It is shown that single pulses are sufficient to achieve a significant wake-up, whereby additional
pulses lead to a stronger wake-up. Further cycling induces a degradation of the devices, which is
explained by generation of oxygen vacancies and results in an electroforming step where subse-
quently resistive valence change mechanism switching is observed. The degradation and therefore
the generation of oxygen vacancies show a strong frequency dependence, whereby the device life-
time is strongly increased for increasing frequencies. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4981893]

INTRODUCTION

The 2011 discovered unconventional ferroelectric prop-
erties of doped hafnium oxide thin films' enable the applica-
tion in future low power and high-density nonvolatile
memory devices.”™ The ferroelectricity is attributed to the
non-centrosymmetric orthorhombic phase with a Pca2; space
group, which was assumed by several groups'”~’ and was
recently proven by Sang et al.’

The wake-up effect is attributed to an increase of the
remanent polarization during cycling, where mostly a con-
stricted hysteresis is observed in the pristine state, which
opens up during cycling. The wake-up was observed in haf-
nium oxide with different dopants (Si,8 Gd,9 Srlo) as well as
for the Hf_,Zr, O, system.11 Furthermore, for different depo-
sition techniques as sputtering,'”> chemical solution deposi-
tion'® and pulsed layer deposition,'* initial cycling was also
necessary to exhibit the maximum remanent polarization.
Therefore, it can be concluded that the wake-up is an intrin-
sic property of the hafnia and zirconia based ferroelectrics.
Understanding the wake-up and degradation mechanism is
crucial for increasing the endurance of ferroelectric devices.
Several groups discussed the origin of the wake-up.*'>~"7
Schenk et al. showed two distinct maxima in the I(V) curve
in the pristine state, which are biased against each other and
merge together during cycling.'® They further assumed that
this internal bias could be attributed to mobile ions that are
rearranged after wake-up cycling. Recently, it was shown
that during the wake-up a redistribution of the oxygen vacan-
cies occurs, leading to a decrease of the built-in bias field
and a stabilization of the ferroelectric phase.'®!'? This redis-
tribution is accompanied by a phase transition, which was
assumed and shown by several groups. Park ef al. assumed a
phase transition during wake-up from a tetragonal to the fer-
roelectric orthorhombic phase as the origin of the observed
wake-up for 8 HfOISZrOASOZ.IS A phase transition from mono-
clinic to the ferroelectric orthorhombic phase was found by
TEM measurements by Grimley er al. and Martin et al.>*°
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Grimley et al. further considered that the redistribution of
oxygen vacancies within the layer leads to a reduction of the
barrier for the transformation from the tetragonal to the
orthorhombic phase.20 Furthermore, Pesic et al. showed that
during the degradation (fatigue) of doped hafnium oxide
oxygen vacancies are generated, whereas the generation of
the vacancies has no influence during the wake-up cycling.
The wake-up was explained by redistribution of oxygen
vacancies, which are initially accumulated at the interface
regions leading to the built-in field bias.'"® A built-in field
bias was also recently found in iron doped lead zirconate
titanate (PZT) as reported by Fengler et al.?' Therefore, the
observed wake-up is not only present in hafnia and zirconia
based ferroelectrics but also can be found in conventional
ferroelectrics.

Besides ferroelectric switching, bipolar resistive switch-
ing in hafnium oxide films has been frequently reported.”>>®
Therefore, the resistance is changed between a high and a
low resistance state by applying a bipolar voltage scheme.
The resistive switching effect is based on the movement
of oxygen vacancies leading to a valence change of the haf-
nium cations and a change in the local conductivity.*'
Therefore, this mechanism is also referred to as valence
change mechanism (VCM).?” In general, an electroforming
step is required before stable resistive switching is observed.
During the electroforming step, oxygen is extracted via one
of the electrodes and an oxygen deficient filament is
formed.>*>>* Therefore, in most cases, asymmetrical electro-
des are used with an inert electrode on the one hand and
an oxygen-scavenging electrode on the other hand. A form-
ing free-device can be achieved by depositing a sub-
stoichiometric oxide layer.™

In this work, we investigate the ferroelectric wake-up by
pulse measurements for symmetrical and asymmetrical elec-
trodes. From these results, the initial oxygen vacancy distri-
bution can be extracted. In the next step, the degradation and
breakdown of the devices is evaluated in dependence of the
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applied cycling frequency. Understanding the degradation
process of ferroelectric devices is essential for nonvolatile
memory application.

EXPERIMENTAL PROCEDURE

The deposition of the doped hafnium oxide layer is car-
ried out by chemical solution deposition, as described in
detail elsewhere.”® The platinum electrodes as well as the
titanium nitride (TiN) layer are deposited by sputter deposi-
tion from a six inch platinum and titanium target, respec-
tively. For the titanium nitride, 10% nitrogen was added to
the argon atmosphere to realize reactive sputtering. The top
electrodes were deposited by a negative lift off process, and
for the electrical measurements an electrode area of 625 um?
was used. The hysteresis measurements were carried out
using a Keithley 4200 at a frequency of 1 kHz, whereas a
Keithley 2410 was used for recording the resistive switching
curves. Therefore, the potential was applied to the top elec-
trode, while the bottom electrode was shortened.

RESULTS AND DISCUSSION

The two layer stacks used in this work are depicted in
Fig. 1(a). For both devices, 5% yttrium doped HfO, with
a thickness of 15nm is used between platinum electrodes,
whereas for the second device a 20 nm thick titanium nitride
(TiN) layer is sandwiched between the hafnium oxide and
the platinum top electrode in order to realize an asymmetric
stack structure. TiN was chosen as the oxygen scavenging
layer because for other electrodes like, e.g., titanium a signif-
icantly lower forming voltage was observed compared to
TiN (data not shown here). This did lead to a forming
step during wake-up cycling and, therefore, smaller voltage
was needed whereby a significantly smaller remanent
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polarization was observed. The hysteresis curves after a reg-
ular wake-up for the symmetrical and asymmetrical stack are
shown in Fig. 1(b). A slightly lower coercitive field is found
for the asymmetrical stack, whereby for higher electrical
fields the polarization is identical for both stacks. Fig. 1(c)
shows the current curves for a regular wake-up for the
asymmetrical device. During the initial cycle, only weak
current peaks can be found. This is consistent with the struc-
tural properties of our CSD deposited layers, which were
discussed in the previous studies.'**®*7 In those studies,
it was shown by Gi-XRD that the cubic phase is dominant in
the pristine layers and a phase transition takes place during
cycling. This corresponds to the electrical results where
no ferroelectric switching could be found initially. With
ongoing cycling, the initial double peaks merge as also
was observed for ALD (atomic layer deposition) prepared Sr
doped HfO, by Schenk ez al.*® After 10k cycles, a remanent
polarization of 10 uC/cm? is reached. By applying a quasi-
static positive voltage sweep with a series resistor of 10k
to prevent the device from complete breakdown, an electro-
forming step is carried out as depicted in the inset of Fig.
1(c). After the forming step into the on state and the first
reset into the off state, a reproducible resistive VCM switch-
ing can be observed, as shown in Fig. 1(d).

In the following, the wake-up for both layer configura-
tions induced by single and double pulses is investigated.
Therefore, four different pulse patterns are applied in each
case to a pristine device: (a) one positive pulse, (b) one nega-
tive pulse, (c) a negative pulse followed by a positive pulse
and (d) a positive pulse followed by a negative pulse. An
electrical field of 3 MV/cm is applied for all pulse patterns,
whereby the pulse length for every single pulse is varied
between 0.5s and 10s. The resulting I(V) curves measured
after the pulse wake-up for the symmetrical devices are
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FIG. 1. (a) Two devices used in this
work, which differ by an additional
TiN layer. (b) Hysteresis curves after
wake-up for the symmetrical and
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shown in Fig. 2. In the middle, the assumed distribution of
oxygen vacancies before an applied voltage is shown. Due to
the symmetrical electrodes, an almost symmetrical distribu-
tion of oxygen vacancies is expected (small deviations can
be given due to the different treatments of the both electro-
des during deposition of the layers, which is described in
detail in Ref. 36). Hence, the most vacancies are accumu-
lated at the both interfaces between the hafnium oxide and
the platinum electrode, as also assumed by Pesic et al."’
Such a distribution of oxygen vacancies does lead to an inter-
nal bias field with the characteristic double current peaks, as
described by Schenk er al.'® For the two single pulses ((a)
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and (b)), a small wake-up can be measured indicated by the
increasing current peak with an increasing pulse length.
Thus, the oxygen vacancies drift to the bottom and top elec-
trode, respectively. This redistribution leads to a phase tran-
sition to the ferroelectric orthorhombic phase.'” Both
polarities of the single pulse wake-up show almost identical
results, whereby the current peaks increase for increasing
pulse times. For the two double pulses ((c) and (d)), a more
distinct current peak can be found compared to the single
pulses. For increasing pulse lengths, not only the current
peak increases but also the I(V) curves get more symmetri-
cal. Due to the two pulses, most likely, a more homogeneous
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distribution of the oxygen vacancies is achieved, leading to a
larger amount of ferroelectric grains.

For the asymmetrical device with the TiN top electrode,
the distribution of the oxygen vacancies is expected to be
strongly different. The assumed initial distribution is shown
in the middle of Fig. 3. Most of the oxygen vacancies are
accumulated at the top interface due to oxidation of the TiN
at the TiN/HfO, interface, as also reported elsewhere, '39!
The same pulse patterns as well as the same pulse lengths
have been applied to the asymmetrical layer stack, as shown
before for the symmetrical stack. For the positive single
pulse (Fig. 3(a)), a wake-up is observed for all applied pulse
lengths. The asymmetrical current peaks shifted towards
negative voltages indicate a strong imprint.

This imprint can be explained by the strong accumula-
tion of the positively charged oxygen vacancies at the top
interface, whereby a positive built in bias voltage results.
During the applied pulse, some oxygen vacancies drift from
the top to the bottom leading to a partially formation of the
ferroelectric phase. For longer pulse lengths, more vacancies
are activated and therefore a stronger wake-up can be
observed. For the negative single pulse (Fig. 3(b)), almost no
wake-up can be observed. The negative voltage applied to
the top electrode is partially compensated by the voltage bias
induced by the vacancies distribution. Furthermore, most of
the positively charged vacancies are accumulated at the top
interface and therefore a negative pulse does only lead to a
minor redistribution of oxygen vacancies within the hafnium
oxide layer. The applied double pulse with a negative pulse
followed by a positive one (Fig. 3(c)) shows similar results
compared to the single positive pulse. The resulting current
peaks are indeed slightly higher, but for both pulse patterns a
strong imprint is found for all pulse durations. The first nega-
tive pulse has only a small influence on the vacancy distribu-
tion; therefore, the wake-up is dominated by the following
positive pulse. This does lead to a final vacancy distribution
as for the single positive pulse (Fig. 3(a)). For the double
pulses where first a positive pulse followed by a negative
pulse is applied (Fig. 3(d)), a lower imprint can be observed
compared to the pattern (c). This can be understood by the
order of the two pulses. The first positive pulse does lead to a
drift of the oxygen vacancies from the top TiN interface
towards the bottom interface. Due to the changed distribu-
tion, the following negative pulse induces a more homoge-
nous distribution of oxygen vacancies within the layer and
therefore a lower imprint compared to the (c) pattern is
achieved. A further significant difference can be found for
the 10s pulses. On the one hand, the current peaks are sym-
metrical; therefore, no internal bias is left, e.g., a symmetri-
cal oxygen vacancy distribution is established. On the other
hand, the leakage currents strongly increase, which can be
attributed to the generation of new oxygen vacancies. The
generation of oxygen vacancies as the origin of the increas-
ing leakage current was also assumed by Pesic et al. for the
increasing cycling numbers.'® The difference of the amount
of oxygen vacancies between the top and bottom interface
can be estimated by the internal bias field, as shown by Park
et al.®? Therefore, the shift of the current peaks for the 3 s
pulse duration of the pulse pattern (c) (negative pulse
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followed by a positive pulse) is exemplary used to examine
the amount of oxygen vacancies. For the symmetrical stack,
an internal bias of —0.67 MV/cm is observed, whereas for
the asymmetrical stack an internal bias of —1.25 MV/cm is
measured. This indicates that for both stacks a larger amount
of oxygen vacancies is accumulated at the top interface com-
pared to the bottom interface. The concentration of charged
defects (n) can be simply estimated by using the following
equation:

ng

Ebpjas = —-,
&oér

where ¢ is the charge of the defects, &, the vacuum permittiv-
ity, and ¢, the relative permittivity of the dielectric film. This
results in a larger amount of oxygen vacancies at the top inter-
face of 0.56 x 10> cm™2 and 1.04 x 10'3 cm~2 for the sym-
metrical and asymmetrical stack, respectively. These values
are slightly larger as those calculated by Park et al., which is
due to the larger bias field.** This amount of vacancies is
small compared to the overall amount of vacancies expected
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with a length of 5s for the asymmetrical layer stack. During the 9th cycle,
an electrical breakdown occurs. A series resistance of 10kQ is used to pre-
vent the device from a full break down. (b) Resistive switching VCM curves
after the breakdown. The inset shows the conductive path formed by oxygen
vacancies.



154102-5 Starschich, Menzel, and Bottger

due to the 5% doping with the trivalent yttrium, which should
result in an overall vacancy concentration of 2.5%.

Another factor that can influence the built in bias is
the difference in the work functions of TiN and Pt.
Assuming a linear internal potential over the hafnium
oxide and work functions of 5.6eV and 4.8 eV for platinum
and titanium nitride, respectively, results in a negative bias
of —0.53MV/cm. Nevertheless, this is a very simplified
assumption, because due to the high doping concentration
within the hafnia film no linear behavior of the potential
is expected. In addition, with further cycling as shown in
Fig. 4(a), symmetric coercitive fields are reached, which
also disagrees with the assumption of a built in bias due to
the different electrodes.

Repeating the double pulse pattern does lead to a stron-
ger wake up, as shown exemplary for the (d) pulse pattern in
Fig. 4(a). Furthermore, the leakage current increases which
manifests in particular at the negative and positive maximum
voltages. During the 9th cycle, a breakdown occurs, where-
upon a reproducible resistive VCM switching is observed, as
depicted in Fig. 4(b). That means that during the wake-up
oxygen vacancies are generated and at a certain point the
electroforming process sets in and the vacancies are accu-
mulated to form a conductive path through the oxide layer
(see the inset of Fig. 4(b)).** Once the conductive path is
formed, the device is shortened and therefore no ferroelec-
tric switching can be observed any more. PeSic et al.
showed that the leakage current is dominated by the oxygen
vacancies at the grain boundaries, and therefore, it is
assumed that the generated vacancies are accumulated at a
grain boundary where the formation of the filament also
takes place.'?2%44

In the next step, the frequency dependence of the dielec-
tric breakdown is investigated for the symmetrical and
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asymmetrical devices. For each frequency and layer stack,
ten devices were measured to obtain the device-to-device
variation. Before the breakdown measurements, a wake-up
step was performed with 1K cycles and 10K cycles at 1 kHz
for the symmetrical and asymmetrical devices, respectively.
Fig. 5(a) shows the number of cycles which could be per-
formed till the dielectric breakdown in dependence of the
cycling frequency in the range between 10kHz and 100 kHz.
The red circles indicate the asymmetrical device where no
breakdown was observed after the performed cycling. For
the symmetrical devices with inert platinum electrodes, a
much larger number of cycles could be performed until
breakdown compared to the asymmetrical devices especially
at the lower frequencies. Furthermore, for both layer stacks,
an exponential dependence of the performed cycles in depen-
dence of cycling frequency is observed. An increase of the
cycling frequency by a factor of 10 for example leads to an
increase of the cycles-until-breakdown by a factor of 1000
for the asymmetrical devices. For higher frequencies, a much
larger scattering is also observed compared to lower frequen-
cies for the asymmetrical devices. Fig. 5(b) shows exemplary
curves of the remanent polarization in dependence of the
number of cycles for different frequencies for the asymmetri-
cal device. It is known for conventional ferroelectric as
PZT** as well as for hafnia based ferroelectrics®'**’ that
the remanent polarization is reduced during cycling which is
known as the fatigue-effect. For our devices, we observe an
additional effect. For lower frequencies, the remanent polari-
zation increases with cycling, which is not expected for
fatigue measurements, whereas for larger frequencies a
reduction of the remanent polarization is observed. The hys-
teresis and current curves after wake-up and after cycling are
shown exemplary for 30 kHz and 100kHz in Fig. 5(c). For
both frequencies, the switching current peaks are reduced
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after cycling, indicating a reduction of the ferroelectric
response. After cycling at 30kHz, the leakage current
strongly increases, which explains the measured increase
in remanent polarization.* Since it is assumed that the
leakage current is dominated by the amount of oxygen
vacancies within the oxide layer, as also shown by Pesic
et al.,'® it seems that for higher frequencies the generation
of oxygen vacancies is strongly suppressed, whereby the
endurance of the devices increases. By using a series resis-
tance during the breakdown measurements, as for the sweep
forming (Fig. 1(c)) and the long pulses forming (Fig. 4(b)),
a reproducible resistive VCM switching is found after the
breakdown at 100kHz (Fig. 5(d)). These results show that
by applying a voltage to the device not only ferroelectric
switching but also movement and generation of oxygen
vacancies takes place. Controlling these processes is crucial
to achieve a high endurance for the ferroelectric switching.
A further interesting observation is that the resistive switch-
ing curves for the different forming steps look very similar
although the forming conditions are strongly different
using a quasi static sweep at one polarity (Fig. 1(c)), a pulse
sequence at 0.1 Hz (Fig. 4(b)) and a forming at a high fre-
quency of 100kHz (Fig. 5(d)). Therefore, it seems that the
applied forming conditions do not strongly influence the
resulting filament.

CONCLUSIONS

In summary, we have shown that a wake-up in thin
yttrium doped hafnium oxide can be realized by single volt-
age pulses. Furthermore, from the pulse measurements, the
initial distribution of oxygen vacancies was extracted show-
ing that for an asymmetrical device oxygen vacancies are
accumulated at the TiN interface leading to an internal bias
field. It was shown that the degradation of the device
involves the generation of oxygen vacancies leading to a
dielectric breakdown. The generation of oxygen vacancies
shows a strong frequency dependence, whereby at larger fre-
quencies the generation is suppressed leading to a strongly
increased lifetime of the device. The shown resistive VCM
switching is a failure mechanism in ferroelectric thin layers,
which needs to be investigated in more detail to increase the
lifetime of future ferroelectric memory devices.
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