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The wake-up effect which is observed in ferroelectric hafnium oxide is investigated in yttrium

doped hafnium oxide prepared by chemical solution deposition. It can be shown that not the

amount of cycles but the duration of the applied electrical field is essential for the wake-up.

Temperature dependent wake-up cycling in a range of �160 �C to 100 �C reveals a strong tempera-

ture activation of the wake-up, which can be attributed to ion rearrangement during cycling. By

using asymmetrical electrodes, resistive valence change mechanism switching can be observed

coincident with ferroelectric switching. From the given results, it can be concluded that redistribu-

tion of oxygen vacancies is the origin of the wake-up effect. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940370]

The recently discovered unconventional lead free ferro-

electric hafnium oxide is a promising candidate for future

high density, low power, and nonvolatile memory applica-

tions.1,2 Further fields of application are piezoelectric and

pyroelectric sensors; pyroelectric energy harvesting, in par-

ticular, is of great interest.3–5 Although up to now there has

been great progress in understanding the origin of the ferroe-

lectricity, the wake-up effect is not fully understood yet.

Wake-up means the initial increase of the remanent polariza-

tion during cycling, where mostly a constricted hysteresis is

observed in the pristine state, which opens up after cycling.

The effect was observed for several ALD (atomic layer dep-

osition) prepared samples doped with Si,6 Gd,7 and Sr8 and

for yttrium doped samples prepared by sputtering9 and by

chemical solution deposition (CSD).10 Therefore, it seems to

be a material property rather than originating from the depo-

sition technique. Understanding the underlying effect of the

wake-up is essential for the application of hafnium oxide in

electronic devices. As a possible explanation, Zhou and

Lomenzo proposed that a depletion layer is formed between

the bottom electrode and the hafnium oxide due to oxidation

of the TiN during the deposition of the hafnium oxide.6,11

This effect can be excluded for our samples due to the use of

platinum electrodes. Park et al. assumed a structural phase

transition from the tetragonal to the orthorhombic phase dur-

ing wake-up for films thinner than 8 nm.12 Schenk et al.
showed that in a pristine sample two distinct maxima in the

I(V) curve are biased against each other and merge together

during cycling.13 Furthermore, they assumed that this inter-

nal bias could be attributed to mobile ions, which are rear-

ranged after wake-up cycling.

Besides ferroelectric switching, bipolar resistive switch-

ing in HfOx thin films sandwiched between two metal (M)

electrodes has been frequently reported.14–20 Thereby, the re-

sistance of the M/HfOx/M devices is changed between a high

resistive and a low resistive state by application of positive

and negative voltage signals. The resistive switching effect

is based on the movement of oxygen vacancies within the

thin film, which leads to a valence change in the Hf cations

and a change in the local conductivity.21–23 Thus, this

switching mechanism is also called valence change mecha-

nism (VCM).24 In general, an electroforming step is required

before stable resistive switching is achieved. During

this electroforming step, the oxide thin film is reduced by

extraction of oxygen via one of the electrodes, and an

oxygen-deficient filament is formed.24–26 Alternatively, a

sub-stoichiometric oxide layer can be deposited in order to

achieve forming-free switching behavior.27

In this letter, we report our results on wake-up investiga-

tions of CSD prepared yttrium doped hafnium oxide. The

frequency and temperature dependency of the wake-up is

investigated. By using asymmetric electrodes, resistive VCM

switching can be shown in quasi static I(V) curves. From the

given results, the wake-up can be clearly related to oxygen

vacancy movement during the applied electrical fields.

The 5.2% yttrium doped hafnium oxide prepared by

CSD and the platinum electrodes used in this work were fab-

ricated as described in Ref. 28. The titanium nitride electrode

for the asymmetric stack was reactively sputtered from a 6

in. titanium target at room temperature using 10% nitrogen

in an argon atmosphere. The P(V) and wake-up measure-

ments were performed with a Keithley 4200, whereby the

P(V) curves were calculated from the measured I(V) curves.

The quasi static I(V) measurements for investigation of the

resistive switching were performed with a Keithley 6430 at a

fixed current range. If not mentioned otherwise, the P(V)
curves were measured at a frequency of 1 kHz on device

areas of 2:5� 10�4cm2.

At first, the frequency dependence of the wake-up is

investigated using a 40 nm thick hafnium oxide layer with

platinum top and bottom electrodes. Therefore, the wake-up

is performed at different frequencies as shown in Figure 1.

The cycling and measurement sequence is depicted in the

inset of Figure 1(b). A strong frequency dependence of the

remanent polarization can be observed (Figure 1(a)). At

higher wake-up frequencies, a higher amount of cycles is
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necessary to reach the same remanent polarization. By plot-

ting the remanent polarization over the duration of the

applied field (#cycles/frequency), the curves at different fre-

quencies show the same dependence. Thus, not the amount

of cycles but the duration of the applied electrical field is

essential for the wake-up. That means that 50 cycles at 50 Hz

show the same results as 5k cycles at 5 kHz. Further cycling

leads to an ongoing degradation of the device. Therefore, a

maximum time of 1 s was applied during wake-up for these

results. Figure 1(c) shows the wake-up with a dc voltage

applied for 0.5 s. It can be seen that also with a dc voltage a

wake-up can be realized, although the remanent polarization

is lower compared to the cycling wake-up. The results of the

temperature dependent wake-up are depicted in Figure 2. A

strong temperature dependence can be observed with a much

faster wake-up at higher temperatures. Furthermore, the

maximum remanent polarization after cycling is higher at

elevated temperatures. In the initial cycle, the hysteresis is

pinched as observed by Schenk et al. for strontium doped

hafnium oxide,29 which is indicated by two distinct current

maxima at each polarity. During cycling, the two peaks are

merging together to one single current peak as shown in

Figure 2. Further cycling at lower temperatures does not lead

to a significant increase of remanent polarization, whereas

by increasing the electrical field also higher polarizations

can be achieved at lower temperatures (data not shown here).

The most noticeable difference for the different temperatures

is the remanent polarization during the first cycle. For ele-

vated temperatures, the prepolarization cycle is sufficient to

achieve a higher remanent polarization compared to the low-

est temperatures after the full wake-up. This strong tempera-

ture dependence indicates the presence of ions that are

mobile at the applied electrical field. At elevated tempera-

tures, a higher amount of trapped ions is mobile resulting in

a higher remanent polarization. Due to the trivalent yttrium

ion replacing the tetravalent hafnium in the crystal, a high

amount of oxygen vacancies is present in the oxide layer.30

Therefore, most probably, mobile oxygen vacancies in haf-

nium oxide are causing the observed wake-up effect. It

should be mentioned that as described in the introduction

also isovalent dopants (Si, Zr) show wake-up behavior where

no oxygen vacancies are created due to the dopant. But there

are also different possibilities to create oxygen vacancies in

the oxide like, for example, extraction of oxygen via one of

the electrodes.24–26 To prove our assumption, the layer stack

is modified by a 10 nm thick TiN layer between the hafnium

oxide and the top platinum electrode. Furthermore, the thick-

ness of the hafnium oxide is reduced to 15 nm. An asymmet-

rical stack is used because it is known to be preferable for

VCM resistive switching.14,16,18,31 Figure 3 shows on the left

side the initial P(V) cycle and the layer stack in the inset. For

the wake-up, 100k cycles are applied at a frequency of 10

kHz at 3.6 MV/cm (Figure 3(a)). In contrast to the thicker

films without titanium nitride shown before, more cycles are

necessary to achieve the maximum polarization, which was

also observed by Hoffmann et al.32 By applying a negative

quasi-static triangle signal with the same maximum electrical

field of 3.6 MV/cm as for the wake-up, an electroforming

sets in as known from resistive VCM switching of hafnium

oxide14–20 (Figure 3(b)). During forming into the high resis-

tive state, a current compliance of 10 lA is applied to protect

the device from permanent breakdown. After forming, the

characteristic I(V) curves with stable resistive switching are

observed. Again, a current compliance is required to protect

FIG. 1. (a) The double remanent polarization 2 Pr depending on the number

of performed cycles at varying frequencies is shown. For higher wake up

frequencies, a higher amount of cycles is necessary to reach the same polar-

ization. (b) 2 Pr is shown over the duration of the applied electrical field

(#cycles/frequency). The inset shows the cycling and measurement sequence

performed on the samples. The hysteresis is measured at 1 kHz, and the

wake up cycle frequency is varied between 50 Hz and 5 kHz at 3.25 MV/cm.

(c) Wake-up with a positive dc voltage for 0.5 s. A split up of the hysteresis

is visible, although the maximum polarization as observed for cycling wake-

up is not reached.
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the device from breakdown during switching. VCM resistive

switching is attributed to the movement of oxygen vacancies

during the forming step as well as during the resistive

switching after a stable plug has been formed.21–23 As

depicted in Figure 3, the electrical field during wake-up is as

high as the forming field. The difference is that during the

forming step the voltage is applied for a longer time. This

could lead to an incorporation of additional vacancies via the

electrodes facilitating the filament formation. Alternatively,

this long time is required to agglomerate the existing oxygen

vacancies in a filamentary region. After the filament has

formed, the resistive switching effect will dominate the de-

vice behavior. Due to the low resistance of the filament, any

ferroelectric response would be masked. A further important

observation is that the forming conditions do not change af-

ter wake-up. Therefore, after the wake-up the oxygen vacan-

cies are still sufficiently mobile and are redistributed during

each performed cycle. This can lead to a device breakdown

during cycling as observed by several groups.11,32,33 Mobile

vacancies are crucial for the investigation of the endurance

behavior of the device.

To prove the hypothesis that mobile oxygen vacancies

explain the wake-up effect, the ion velocity under the experi-

mental conditions is calculated. As a first approximation, the

velocity of the oxygen vacancies can be calculated using the

Mott-Gurney equation

v ¼ af exp
W0

KBT

� �
sinh

za

2KBT
E

� �
;

where a is the hopping distance, f is the attempt frequency,

W0 is the activation energy, z is the charge of the ion, and E
is the electric field. For a first approximation, the values

measured by Zafar et al. are used (a ¼ 0:25 nm; f ¼ 1

�1014 s�1; and W0 ¼ 0:6 eV).34 Furthermore, the following

values are used: z ¼ 2 (double positively charged oxygen

FIG. 2. Temperature dependence of

the wake up in a temperature range

between �160 �C and 100 �C. A much

faster wake up can be observed for

higher temperatures, and also a higher

maximum remanent polarization is

achieved. The wake up frequency is 1

kHz, and the same cycling and mea-

surement sequence is applied as shown

in Figure 1.

FIG. 3. The left side shows the initial P(V) cycle and the modified layer stack. The wake up as described before is depicted in the upper path (a). By applying a

triangle voltage to an uncycled device at a much lower frequency of 0.1 Hz, an electroforming step takes place with stable resistive VCM switching after the

forming (lower path (b)).
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vacancies); T ¼ 295 K; and E ¼ 3:25 MV=cm (the applied

electrical field). Calculating with the given parameters, a ve-

locity of 1:3� 10�5m=s results. By using a wake-up fre-

quency of 1 kHz, the voltage is applied for 0:5 ms for each

polarity during each cycle. This results in a migration dis-

tance of 6.5 nm during each cycle. Therefore, it seems plau-

sible that oxygen vacancies are sufficiently mobile during

the duration of the applied electrical field.

From this observation, it can be concluded that during

the wake-up the oxygen vacancies are redistributed in the

hafnium oxide layer, leading to a stabilization of the ferro-

electric phase. This approves the assumptions of Zhou and

Schenk mentioned in the introduction. Also for further inves-

tigations of the fatigue and ferroelectric switching behavior,

the mobility of the oxygen vacancies should be kept in mind.

In summary, the wake-up effect was investigated in

detail for CSD prepared ferroelectric hafnium oxide. It was

shown that not the amount of cycles but the duration of the

applied electrical field is essential for the formation of the

ferroelectric hysteresis. A strong temperature dependence for

the wake-up was found, indicating ion movement during an

applied electrical field. The shown resistive VCM switching

clearly indicates that during the wake-up a redistribution of

oxygen vacancies takes place leading to the stabilization of

the ferroelectric phase.
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