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We examined the wake-up effect in a TiN/Hf0.4Zr0.6O2/TiN structure. The increased polarization was affected by the
cumulative duration of a switched electric field and the single application time of the field during each switching cycle. The
space-charge-limited current was stable, indicating that the trap density did not change during the wake-up. The effective
charge density in the space-charge region was extracted from capacitance–voltage curves, which demonstrated an increase
in free charges at the interface. Based on changing characteristics in these properties, the wake-up effect can be attributed
to the redistribution of oxygen vacancies under the electric field.

Keywords: wake up, HZO ferroelectric thin-film, cycling electric field, oxygen vacancy
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1. Introduction
Recently, high-k dielectrics such as HfO2 have been ex-

tensively implemented in the microelectronics industry. In
2011, HfO2-SiO2 thin films were discovered to exhibit fer-
roelectric properties by Böscke et al.[1] HfO2 exists in the
form of three basic crystal structures, which are monoclinic,
tetragonal and cubic. These structures are centrosymmetric
and exhibit no ferroelectric polarization.[2,3] By doping HfO2

with Si, Zr, Y, etc., an orthorhombic phase can be obtained.
The structure exhibits asymmetric centrality, which is respon-
sible for its ferroelectric properties.[4,5] Ferroelectric random-
access memories using HfO2-based thin films exhibit fast read
and write speeds (tens of ns), low operating voltages, and
small power consumption. Furthermore, compared to tradi-
tional ferroelectric materials (such as PZT), HfO2-based thin
films were compatible with existing CMOS semiconductor
processes. They had a sufficiently strong polarization strength
(15–45 µC/cm2) in the nanometer range (10 nm).[6–9] As a
high-k material, the leakage current of HfO2 was low, giving
it good retention properties (about 10 years).[10] This opens
a new path for the development of ferroelectric field-effect
transistors.[11]

A memory device undergoes continuous writing, read-
ing, and data updating, and thus requires a ferroelectric thin
film to withstand the large number of switching cycles. This
brings about reliability problems, such as the wake-up ef-
fect, which refers to the increase in remnant polarization rel-
ative to the initial state at the beginning of 103–104 switch-
ing cycles.[12] A number of wake-up mechanisms have been
proposed, including an oxygen vacancy redistribution,[13]

field-cycling-induced phase transitions,[14] and domain de-
pinning mechanisms.[12] Oxygen vacancies play an important
role because they are positively charged and are mobile at
room temperature.[15,16] Under an electric field, a redistribu-
tion of oxygen vacancies (VÖ) within the oxide can occur,
which de-pins the domain walls and increases the remnant
polarization.[13,17] A phase transition from the tetragonal to
the ferroelectric orthorhombic phase is another factor in the
wake-up effect, and can be stabilized by redistributed oxy-
gen vacancies.[12,18] Starschich et al. reported that the du-
ration of the electric field was essential for the wake-up, in-
dicating the importance of oxygen vacancy movement driven
by the field.[13] To study the parameters affecting the wake-
up effect in HfO2-based thin-film devices, and to understand
the associated property changes, a deeper understanding of
the mechanism is needed. Moreover, because oxygen vacan-
cies are thought to play an important role, it is expected to
provide valuable information for further discussion of the va-
cancy changes during the wake-up process. Here, we ana-
lyzed the wake-up behavior in the TiN/Hf0.4Zr0.6O2/TiN struc-
ture. Various switching waveforms were applied to investi-
gate the dependence of the wake-up effect, and the variations
in the remnant polarization, current–voltage (I–V ) curve, and
capacitance–voltage (C–V ) characteristics were analyzed. A
mechanism based on oxygen vacancies is proposed.

2. Experimental methods
To prepare samples for this work, Hf0.4Zr0.6O2 (HZO)

thin films with a thickness of 10 nm were deposited on sili-
con substrates at 300 ◦C under N2 carrier gas atmosphere by
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atomic layer deposition. The deposition process used precur-
sors of tetrakis-(ethylmethylamino)-(hafnium/zirconium) and
H2O as the oxygen source. To serve as a bottom electrode, a
10-nm-thick TiN layer was deposited on the silicon substrate
by magnetron sputtering. Square TiN top electrodes, with a
side width of 100 µm, were deposited on the HZO films by
physical vapor deposition. To prevent the top electrode from
being oxidized in air, a 75-nm-thick W electrode was DC sput-
tered on top of it. The TiN/HZO/TiN structures were annealed
at a high temperature of 450 ◦C. Polarization–voltage (P–V )
hysteresis loops were measured with a radiant precision work-
station. I–V and C–V curves were acquired with a semicon-
ductor parameter analyzer (Agilent Technologies B1500A). In
all tests, the bottom electrode was grounded, and the top elec-
trode was biased with a drive voltage.

3. Results and discussion
The HZO thin film was cycled with 1-kHz, ±3 V square

waveforms. Changes in the P–V curves during the cycling are
shown in Fig. 1(a). The initial state displayed a double hys-

teresis, which is a signature of anti-ferroelectric behavior.[20]

After repetitive switching, it is transformed into a single fer-
roelectric hysteresis loop. The evolution of the remnant polar-
ization and coercive voltage as a function of switching cycles
are plotted in Figs. 1(b) and 1(c). Both the magnitude of rem-
nant polarization (Pr) and coercive voltage (Vc) increased dur-
ing the first 104 cycles. This was consistent with the wake-up
effect in the polarization hysteresis of HZO thin films. With a
further increase in the number of field cycles, the Pr and Vc de-
creased, which corresponded to fatigue generally observed in
many ferroelectrics. In addition, the magnitude of the negative
coercive voltage Vc− was always less than that of the positive
coercive voltage Vc+, indicating the presence of an internal
built-in electric filed in the HZO film pointing from the bottom
to the top interface. We calculated the built-in voltage Vbi by
(Vc+–Vc−)/2[21] and plotted them as a function switching cy-
cles in Fig. 1(c). It can be seen that the magnitude of built-in
voltage stayed stable in the wake-up stage, but increased obvi-
ously after 104 cycles, which should contribute to the shift of
P–V hysteresis loops.[31]
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Fig. 1. Changes in (a) P–V hysteresis loops, (b) remnant polarization, (c) coercive voltage and built-in voltage with switching cycles under
1-kHz square waves. (d) Changes in remnant polarization as a function of switching cycles under square waves with various frequencies.

The wake-up test was also performed under various fre-
quencies, as shown in Fig. 1(d). As the switching frequency
decreased, fewer switching cycles were needed to reach the
same polarization increase relative to that from higher switch-
ing frequencies. This was consistent with previous results that
a higher number of cycles was necessary to acquire the same
remnant polarization at higher wake-up frequencies.[13]

The dominant conduction mechanism for the HZO thin
film was analyzed. It was firstly polarized with +3 V to

preset the polarization state. Then the I–V curve was mea-
sured in the 0→ 3 V region, as illustrated in Fig. 2(a) with
a double-logarithmic scale. As the voltage increased, the I–
V curve exhibited a linear behavior (slope k of 1.1) at low
voltage (< 0.6 V), and then a quadratic behavior (k = 2.2) at
higher voltage. At 1.7 V, the current rose sharply and the slope
was 6.9. The conduction behavior was consistent with trap-
controlled space-charge-limited (SCL) conduction,[22–24] with
three regions corresponding to Ohmic, SCL, and trap-filled-
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limited conduction.[25] The origin of the space charges in the
ferroelectric material is related to oxygen vacancies. They cre-
ate trap energy levels in the bandgap for activated electrons to
be mobile.[22] Thus, it is reasonable to assign oxygen vacan-
cies as the physical origins for the traps in the film. Figure 2(b)
displays the I–V curves for various numbers of switching cy-
cles. It reveals that both the linear part (Ohmic conduction)
and the SCL current remained stable up to 105 cycles, indicat-
ing that the number of charge carriers associated with oxygen
vacancies did not change in the wake-up process. This was
consistent with previous results that no oxygen vacancies were
generated in the wake-up stage.[12]
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Fig. 2. (a) The I–V characteristics under positive bias. The arrow de-
notes the sweep direction. (b) Changes in I–V curves with respect to
switching cycles.

The device was also repetitively switched with 1-kHz,
±3 V pulsed waveforms. The pulse width ranged over 0.01–
0.5 ms. It can be seen from Fig. 3(a) that when the pulse width
was less than 0.1 ms, the polarization did not exhibit a wake-
up effect. Only when the pulse width was a certain length did
the wake-up appear, which implied that the voltage applica-
tion time in each switching cycle was an important factor. We
plotted the remnant polarization over the total duration of the
applied field for both square and pulsed waves in Fig. 3(b).
The longer voltage application times in each cycle resulted in
a faster wake-up. Furthermore, a wake-up also occurred when
a DC voltage was applied. In Fig. 3(b), the rise of remnant po-
larization under continuous DC voltage was close to that from

the cycling wake-up for the equivalent duration. Hence, we
can explain the wake-up effect in terms of the redistribution of
oxygen vacancies, although there is no generation of new VÖ

at this stage. The positively charged oxygen vacancies moved
under the external electric field. When the application time of
each voltage cycle did not reach a certain limit, the vacancies
just vibrated in their original positions and did not change their
distribution. When the application time was sufficiently long,
the VÖ left their initial positions, resulting in a net migration
and redistribution that contributed to the wake-up process. In
that case, both the voltage application time in each cycle and
the cumulative electric field duration affected the wake-up pro-
cess.
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both square (#cycles/frequency) and pulse waveforms (#cycles×pulse
width×2). The results are compared with the rise of Pr under a contin-
uous DC electric field.

For further verification, C–V loops were measured for the
cycled samples. In Fig. 4(a), the capacitance decreased with
the increasing number of electric field cycles. Lomenzo et
al.[26,27] suggested that the decreased dielectric constant in the
wake-up state was caused by the tetragonal-to-ferroelectric or-
thorhombic phase transition. Pintilie et al. proposed that the
C–V curve of a ferroelectric material can be expressed by[17,28]

C =

√
qε0εsNeff

2(V +Vbi± P
ε0εs

δ )
, (1)
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where Neff is the effective charge density in the space-charge
region of the Schottky diode, Vbi is the built-in potential in
the absence of polarization, δ is the distance between the po-
larization sheet of charge and the physical metal–ferroelectric
interface, q is the carrier charge, ε0 is the permittivity of free
space, and εs is the static dielectric constant. The ± sign in-
dicates two possible orientations of polarization P. The C–V
curve in the area enclosed by the green dashed line in Fig. 4(a)
was chosen and the corresponding slope of 1/C2–V was fit to
extract Neff for the interface under reverse bias. The inset in
Fig. 4(b) displays the linear fit of such a relationship to derive
the initial charge density near the top electrode/film interface.
The dependence of Neff on switching cycles is illustrated in
Fig. 4(b) for the top and bottom interfaces.
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It shows that the effective charge density at the inter-
faces increased during wake-up. This could also be under-
stood in terms of oxygen vacancy migration which is shown
in Figs. 5(a)–5(c). Because the VÖ with positive charges
can attract electrons, they usually act as electron-trapping
centers.[17] Initially, the VÖ accumulated at the TiN/HZO in-
terface (Fig. 5(a)), where a large number of electrons were
needed to fill traps, causing a small density of free charge
in the space-charge region. As the wake-up process contin-
ued during the initial 104 cycles, the oxygen vacancies moved

away from the interface and went into the bulk of the HZO film
as shown in Fig. 5(b), reducing the amount of VÖ at the in-
terface. Therefore, the charged-carrier trapping was reduced,
which resulted in an increased effective charge density at the
interfacial space-charge region. It can also be derived that
there should be a higher concentration of VÖ at the bottom
interface than that at the top interface from the comparison of
Neff between the two interface as shown in Fig. 4(b). This gave
rise to an upward built-in voltage[29] consistent with the result
shown in Fig. 1(c). After the wake-up stage, the film was fa-
tigued to have an obvious reduction in polarization. On the
basis of the long-term study of fatigue mechanism, the fatigue
behavior is considered to be closely related to the generation
of oxygen vacancies in the film.[30,31] The increase of oxygen
vacancies caused the reduction of effective charge density after
104 cycles as shown in Fig. 4(b). It is possible that the differ-
ence between the concentration of VÖ at the top and bottom
interface became larger (Fig. 5(c)). As a result, the built-in
voltage increased rapidly in the fatigue process as displayed in
Fig. 1(c). However, the scenario requires for more investiga-
tion in future work.
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Fig. 5. Schematic of the migration and generation of oxygen vacancies
from (a) initial→ (b) wake-up→ (c) fatigue state under the repetitive
switching process. The hollow circles represent the oxygen vacancies.

4. Conclusions
The wake-up effect in the TiN/Hf0.4Zr0.6O2/TiN structure

was examined with various electrical cycling conditions. The
total duration and the single length of an applied electrical field
both affected the increased polarization. The current–voltage
characteristics were consistent with space-charge-limited con-
duction. Both the stable Ohmic and SCL currents in the wake-
up process indicated that the trap density in the film did not
change during this period. The effective density of charge in
the space-charge region demonstrated a decreased trap density
at the interface. Considering the important role of oxygen va-
cancies as trap centers and their migration under an electric
field, the wake-up effect and other property changes were at-
tributed to the redistribution of oxygen vacancies.
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