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ABSTRACT: Ferroelectric (FE) HfO2-based thin films,
which are considered as one of the most promising material
systems for memory device applications, exhibit an adverse
tendency for strong imprint. Manifestation of imprint is a shift
of the polarization−voltage (P−V) loops along the voltage
axis due to the development of an internal electric bias, which
can lead to the failure of the writing and retention functions.
Here, to gain insight into the mechanism of the imprint effect
in La-doped HfO2 (La:HfO2) capacitors, we combine the
pulse switching technique with high-resolution domain
imaging by means of piezoresponse force microscopy. This approach allows us to establish a correlation between the
macroscopic switching characteristics and domain time−voltage-dependent behavior. It has been shown that the La:HfO2
capacitors exhibit a much more pronounced imprint compared to Pb(Zr,Ti)O3-based FE capacitors. Also, in addition to
conventional imprint, which evolves with time in the poled capacitors, an easily changeable imprint, termed as “fluid imprint”,
with a strong dependence on the switching prehistory and measurement conditions, has been observed. Visualization of the
domain structure reveals a specific signature of fluid imprintcontinuous switching of polarization in the same direction as the
previously applied field that continues a long time after the field was turned off. This effect, termed as “inertial switching”, is
attributed to charge injection and subsequent trapping at defect sites at the film−electrode interface.
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1. INTRODUCTION

Development of the ferroelectric (FE) HfO2-based thin films1

represents a significant step forward in the quest toward the
realization of non-volatile memory technology.2 These
materials are also of interest for development of conceptually
new devices based on the negative capacitance effect.3 Inherent
advantages of FE HfO2 over conventional perovskite films
include compatibility with existing complementary metal-
oxide-semiconductor (CMOS) technology, thickness scalabil-
ity critical for fabrication of three-dimensional capacitor
structures, as well as a large band gap (>5 eV), which makes
them resilient against electrical breakdown.4 However,
integration of HfO2-based films into electronic devices is
hampered by serious performance instability associated with
the profound wake-up effect, limited endurance, and strong
imprint effect.5−12 Imprint is one of the most serious
degradation effects in FEs manifested by the shift of a
hysteresis loop along the voltage axis with time,13−15 resulting
in effective asymmetry of the coercive field, destabilization of
one of the polarization states and, as a consequence, retention

or even write failure. The imprint phenomenon has been
widely investigated in perovskite FEs, such as BaTiO3 and
Pb(Zr,Ti)O3 (PZT).13−18 It is generally attributed to an
internal bias that can have various origins including electrical
charge injection, migration, and trapping at the interface or
grain boundaries, defect dipole alignment, as well as stress
gradients.16,19−21 Electron trapping at oxygen vacancies near
the interface was recently proposed to be a root cause for
imprint in the HfO2 devices.6,7 However, comprehensive
understanding of the microscopic mechanism behind the
peculiar imprint behavior of the HfO2-based films requires
moving beyond the integral electrical testing methods, such as
first-order reversal curve, used so far.5−7,12 Here, we combine
the pulse switching techniques with high-resolution domain
imaging by means of piezoresponse force microscopy (PFM)
to gain insight into the imprint effect in La-doped HfO2
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(La:HfO2) capacitors by establishing a correlation between the
macroscopic switching characteristics and the domain time−
voltage-dependent behavior. It is shown that La:HfO2
capacitors exhibit a much more pronounced imprint than
their PZT counterparts. This can be explained by the different
physical properties of the layers. Furthermore, in addition to
conventional imprint developing with time in the capacitors set
to a specific polarization state, an easily changeable imprint,
termed as fluid imprint, with a strong dependence on the
switching prehistory and pulse train sequence, has been
observed. In addition, domain structure visualization reveals an
inertial switching effect, manifested by continued polarization
switching in the direction of the applied electric field long after
the termination of the external pulse. These observations
highlight the critical role played by the injected charges and
mobile charges/defects in the switching behavior of FE HfO2-
based devices.

2. RESULTS AND DISCUSSION
In this work, the imprint phenomenon has been investigated in
20 nm thick La:HfO2 capacitors with the iridium oxide (IrOx)
top electrode (TE) and bottom electrode (BE). In these
studies, the electrical bias was applied to the TE, while the BE
was grounded. The conventional polarization−voltage (P−V)
hysteresis loops have been obtained by integrating the
transient switching currents. The pristine state is characterized
by a typical pinched hysteresis loop (Figure 1a, black line) with

very low remanent polarization (Pr). Structural analysis of the
capacitors (see Figure S1) by grazing incidence X-ray
diffraction shows a higher volume fraction of non-FE
monoclinic and tetragonal phases in the pristine state,
compared to the previously published case with TiN
electrodes.22 PFM imaging of the La:HfO2 capacitors in the
pristine state does not reveal any sign of the domain structure
after application of ±6 V voltage pulses and yields a relatively

weak PFM amplitude signal (Figure 1c−f). These PFM
observations are consistent with a low volume fraction of the
FE phase in the pristine state. After the capacitors were
subjected to the wake-up process4,23−26 (via application of 105

cycles of alternating square pulses of 7 V in amplitude at 10
kHz), the P−V testing yielded a 2Pr value of ∼45 μC/cm2

(Figure 1a, red curve), which points to a field-cycling induced
phase transformation from a non-FE to the FE phase.12,23,25

The increase in Pr is accompanied by the increased domain
switchability as seen from PFM imaging (Figure 1g−j). A
significant difference in the amount of the switched polar-
ization by positive and negative pulses might be due to the
asymmetric boundary conditions at the top and bottom
interfaces, resulting from the different growth conditions of the
TE and BE or it could as well be due to the manifestation of
the field-induced imprint as is discussed next.
Investigation of the imprint effect has been carried out using

a pulse train sequence shown in Figure 1b. Before each
measurement, the capacitor was cycled 100 times using (±7 V,
50 μs) pulses to erase the previous imprinted state (see Figure
S2). Then, the capacitor was poled to a certain state by
application of a set pulse followed by a triangular waveform of
100 μs duration to measure the transient switching currents,
which were subsequently integrated to obtain the P−V
hysteresis loops. Measurement of the P−V loops as a function
of the delay time td (see Figure 1b) after the set pulse
application allows testing of the conventional time-dependent
imprint. On the other hand, acquisition of the hysteresis loops
as a function of the set pulse parameters (duration and
amplitude) provides information on the fluid imprint behavior,
which is determined by sample switching prehistory. The term
“fluid” is chosen to reflect the ease, with which the sign and
magnitude of imprint changes in the La:HfO2 capacitors upon
switching. The proposed approach allows us to investigate the
dynamic behavior of fluid imprint and to differentiate it from
conventional imprint, which take place at different time scales.
A time-dependent shift of the P−V loops observed during

investigation of conventional imprint is shown in Figure 2. The
corresponding transient current−voltage (I−V) curves can be
found in Figure S3. The capacitor was switched to a specific
polarization state by applying a set pulse with amplitude in the
range from 4 to 6 V with a duration of 5 ms. The set pulse
parameters have been chosen to ensure complete poling of the
capacitor, which was verified by PFM observation of the
resulting single-domain structure. In Figure 2a, b, it can be
clearly seen that the polarity of the set pulse, which switches
the polarization either to the downward (toward the BE)
(Pdown) or upward (Pup) direction, determines the sign of the
voltage shift defined as Vshift = (Vc+ + Vc−)/2, where Vc+ and
Vc− represent the positive and negative coercive voltages,
respectively. A positive set pulse creates a preference for the
Pdown state leading to the P−V loop shift to the left, while a
negative set pulse, which induces the Pup state, causes the shift
to the right.
Figure 2c shows the highly nonlinear time dependence of

the voltage shift for both polarities of set pulses. Nearly
symmetric P−V loops have been observed right after the ac
cycling. Subsequently, the imprint starts to evolve with Vshift
reaching a value of 1.8 V (0.9 MV/cm) within 24 h. This
behavior is similar to that reported for PZT-based
capacitors14,15 except that the magnitude of imprint,
normalized to the coercive voltage, is nearly 3−4 times larger
in the La:HfO2 capacitors so that their total voltage shift could

Figure 1. (a) P−V loops for the La:HfO2 capacitor in the pristine
state (black) and after the wake-up process (red). (b) Pulse train
sequence used for investigation of the imprint behavior. τ denotes the
duration of the set pulse while td denotes the time delay between the
set pulse and the triangular waveform. (c−j) PFM amplitude (c,e,g,i)
and PFM phase (d,f,h,j) images of the La:HfO2 capacitor in the
pristine state (c−f) and after wake-up (g−j). All measurements were
done on a 160 μm-diameter capacitor.
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be as large as the coercive voltage. (A tentative explanation of
this effect based on the difference in the depolarizing fields of
the HfO2 and PZT capacitors is proposed in the Supporting
Information ,Section S6 and Figure S6). It is interesting to
note that the set pulse amplitude has only a slight impact on

the voltage shift as is shown in Figure S4. (In addition, we note
that imprint in the HfO2-based capacitors could be reduced by
replacing the IrOx electrodes with the TiN ones as shown in
Figure S5. The effect of the electrode material on the imprint
behavior is a subject of separate studies.)
Previously, to explain the time-dependent behavior of

imprint in PZT, Grossmann et al.14,15 proposed an interface
screening model (ISM), according to which the presence of an
interfacial passive layer16 between the FE thin film and the
electrode results in incomplete screening of the polarization
charges by the charges on the electrodes. When such a
capacitor is poled, space separation between the bound
polarization charges and the electrode charges leads to a
strong electric field across the passive layer. This field
promotes charge transport into the layer27 and followed by
charge accumulation and trapping at the FE/passive layer
interface.28 If the de-trapping time constant of the accumulated
charges is much longer than the polarization switching time, an
internal bias field due to these charges will manifest as a
voltage shift in the P−V loop.29 Tagantsev and Gerra16 then
put forward an analytical treatment of the problem along the
lines of the ISM based on charge injection into the passive
layer from the electrode. They found a universal logarithmic-
type time dependence of the voltage shift for an exponential
injection current into the passive layer and for weak
polarization screening. This expression, given by Vshift = V0

ln(1 + t/τ0), where V0 and τ0 are the logarithmic slope and the
crossover time between the linear and logarithmic charge
relaxation, respectively, gives an excellent fit to the nonlinear
time dependence of Vshift observed in La:HfO2 capacitors
(Figure 2c), highlighting a critical role played by the passive
layer in development of imprint.

Figure 2. (a−c) Development of conventional imprint in the La:HfO2
capacitors as a function of the delay time td between the set pulse and
the measurements. (a,b) P−V loops after (+6 V, 5 ms) (a) and (−6 V,
5 ms) (b) set pulse application. The arrows indicate the direction of
the voltage shift. (c) Voltage shift as a function of time [calculated
from the loops in (a,b)] for both polarities. The blue curves represent
fit of the experimental data by the logarithmic law Vshift = V0 ln(1 + t/
τ0). (d) Effect of the testing pulse sequence on the C−V loops
suggesting that the observed voltage shift can be a result of the
measurement process itself. The measurements were performed on
the 90 μm-diameter capacitors.

Figure 3. (a) Pulse train sequence used for investigation of the imprint effects. (b,c) Transient I−V curves for increasing τ but fixed td = 10 μs (b),
and for fixed τ = 100 ns but increasing td (c). The amplitude of the preset and the set pulses was 6 V. The preset pulse duration was 5 ms. For the
triangular waveform the amplitude was 7 V with a 100 μs period. The arrows in (b,c) indicate the direction of the initial voltage change. The
vertical red lines in (b,c) serve as a visual reference to compare the shift in the switching current peaks upon changing τ (b) and td (c). (d)
Illustration of the fluid imprint mechanism depicting the charge distribution after application of the set pulses of different duration and constant 10
μs delay and showing the stabilization of the switched polarization due to the charge injection and entrapment at the dielectric/FE layer interface.
(e) Illustration of the conventional imprint mechanism depicting the charge distribution at the interfaces after application of the set pulses of fixed
100 ns duration and different delay times and showing stabilization of opposite polarization state due to the redistribution of charges across the FE
layer. The measurements were performed on the 90 μm-diameter capacitors.
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The small signal C−V measurements provided a first glimpse
of the fluid imprint as explained below. Figure 2d shows a
horizontal shift of the C−V loops, which depends on the
sequence of the testing pulses, or switching prehistory. It can
be seen that although the starting and the ending points of the
loops at 0 V are the same for both pulse train sequences, the
C−V loop shifts to the left if the testing waveform ends with a
negative bias and to the right if it ends with a positive bias. The
former suggests that the capacitor structure is quite symmetric,
while the latter is a strong indication that the voltage shift of
the C−V loops occurs only during testing, that is, is a result of
the measurement process itself.
To gain a deeper insight into the dynamic behavior of the

fluid imprint, the I−V measurements have been carried out as a
function of the set pulse duration τ (with the delay time td
fixed at 10 μs). For these studies, the pulse train was slightly
modified in comparison to the one shown in Figure 1b: after
the ac cycling, a preset pulse of sufficiently high amplitude and
duration is applied to induce complete poling of the capacitor
followed by application of the set pulse (Figure 3a). Results of
the fluid imprint testing are shown in Figure 3b (note that the
triangular waveform starts with the negative bias). It can be
seen that an increase in the positive set pulse duration results
in the shift of the positive switching current peak to the left
along with the appearance of a negative current peak, which is
indicative of the gradual development of the preference for the
Pdown state.
For comparison, results of the I−V measurements as a

function of the delay time td between the set pulse and the
triangular waveform, which tests the conventional imprint
behavior, are shown in Figure 3c (the set pulse duration is
fixed at 100 ns). It can be seen that, similar to the effect of the
set pulse duration, increase in the delay time td shifts the
negative current peak to the left. However, in addition to this,
there is a split of the positive current peak into two peaks,
which move further apart upon increase in the delay time. This
behavior can be explained in the following way. First,
application of the negative preset pulse switches the polar-
ization to the upward direction, which gets stabilized due to
the injected charges, leading to an imprinted Pup state. This
state is almost unperturbed by the shortest positive set pulse of
50 ns (Figure 3d) as is indicated by the asymmetric I−V curve
(Figure 3b)there is only a positive current peak resulting
from the switching of the Pup to Pdown state under a positive
half of the triangular waveform. Next, an increase in the set
pulse duration to 120 ns leads to partial polarization reversal
and formation of the polydomain structure (Figure 3d). As a
result, the current peaks start to appear under a negative half of
the triangular waveform due to the switching from the Pdown to
Pup state (Figure 3b). Charge injection during application of
the positive set pulse creates an internal electric field pointing
toward the BE, thereby favoring the downward polarization. As
a result, we observe a shift of the switching current peaks to the
left (toward negative voltage). Note that if we use a delay time
much longer than 10 μs used in Figure 3b to allow relaxation
of the injected charge, then redistribution of the free charge
carriers due to the induced polydomain state would screen and
stabilize domains of both polarities (Figure 3e). Because
charge redistribution/de-trapping is much slower than the
duration of the triangular waveform, the I−V testing itself does
not disturb the screening field configuration of the polydomain
state (Figure 3e). This means that the screening fields of
alternating directions (oriented upward for the Pup domains

and downward for the Pdown domains in Figure 3e) should lead
to the splitting of the positive current peak: the regions with
the downward internal field will switch at lower bias than the
regions with the upward field. This is exactly what is observed
in Figure 3c. The longer the delay time, the larger is the
internal field (Figure 3e), which implies that the two positive
current peaks will move further apart. This split-up tendency is
already visible in Figure 3b where the width of the set-pulse
was varied at the lowest delay time. This proves that the charge
injection effect is also impacted by the polarity of the domains.
Note that the current peak splitting is consistent with the
observation of the multiple current peaks using field cycling
with nonsaturating pulse trains (sub-cycling).5,6 If long set
pulses (>300 ns) were used so that all domains would be
switched, then the internal field would be of the same direction
and no current peak splitting would occur.
Thus, the La:HfO2 capacitors exhibit two distinctly different

imprint effects in response to the change in the delay time td
(conventional imprint) and in the set pulse duration τ (fluid
imprint). A simplified band diagram illustrating these two
effects in the FE capacitor with the interface passive layers is
shown in Figure 4 (see also in Figure S7). As explained above,

separation between the bound polarization charges and the
electrode charges leads to an electric field across the passive
layer. At the same time, there is an oppositely aligned
depolarizing field formed across the FE layer. At V = 0, both
the interfaces and the FE therefore appear tilted. This can give
rise to two different routes of imprint: (1) electron injection
into the passive layer due to the interface potential barrier
lowering during the electric field application and subsequent
entrapment at the FE/passive layer interface. This process
accounts for fluid imprint and could occur through Schottky
emission or direct tunneling into the first trap state during
pulse application;17 (2) electron migration across the FE layer
via Poole−Frenkel emission or trap-assisted tunneling30 and
entrapment near the FE/passive layer interface or at the defect
sites within the interfacial layers or grain boundaries within the
FE film causing conventional imprint. This effect can be
accelerated if the opposite bias is applied to the capacitor as
long it is lower than the threshold switching voltage (Figure
S7). This mechanism explains why the electric field cycling
could give rise to the local imprint of different polarities.5

The soundness of the injected charge mechanism and its
impact has been particularly evident when investigating the
domain structure evolution as a function of time after pulse
application, which reveals an interesting effect (Figure 5). The

Figure 4. Simplified band diagram illustrating mechanisms of fluid
and conventional imprint. CB, VB, EF and Egap stand for the
conduction band, valence band, Fermi level and bandgap energy,
respectively. See details in the text.
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capacitor was subjected to the same preliminary treatment as
for the imprint measurements (Figure 3). Then, the capacitor
was imaged by PFM: first, after application of the positive
preset pulse (6 V, 5 ms), which yielded complete poling into
the Pdown state (Figure 5a,b), and, next, after the negative set
pulse (−3.5 V, 1 ms) application, which resulted in partial
switching to the Pup state (Figure 5c,d). The capacitor was
then left in this state for 36 h with no additional bias applied,
while its polydomain structure was monitored by PFM. It was
found that the domains continued to switch to the Pup
direction long after the set pulse was applied (Figure 5e,f).
Histogram analysis of the PFM phase images (Figure 5g)
shows that additional 20% of the polarization has switched to
the Pup state during that period in the absence of the external
field. This continuous switching in the same direction as the
previously applied field is reminiscent of the inertial motion of
domain walls and, hence, is termed as “inertial switching”. The
inertial switching has been also observed after the positive set
pulse application; in this case, to the Pdown state (see Figure
S8).
That this is indeed switching and not back-switching due to

the pre-existing internal field is confirmed by the P−V loop
measurements performed right before and 36 h after
application of the negative set pulse (Figure 5h). The initial
loop (blue curve in Figure 5h) is fairly centered (similar to the
P−V loops for short delay times in Figure 2a) indicating almost
no imprint, while the loop acquired 36 h after the negative set
pulse is shifted to the right (red curve in Figure 5h)a
signature of the Pup imprint. Note that stabilization of the
polydomain structure due to conventional imprint would
typically lead to a pinched P−V loop.31 Finally, to make sure

that the observed behavior is not an artifact due to the PFM
imaging process, several continuous PFM scans have been
taken. No significant change in the domain structure was
detected, confirming that the data in Figure 5c−f obtained by a
time-dependent process was not affected by PFM imaging.
Based on the collection of these data, it can be concluded that
the inertial switching is one of the manifestations of the
injected charge entrapment.

3. CONCLUSIONS

In conclusion, a combination of the pulse switching technique
and high-resolution domain imaging by means of PFM has
been used to investigate the time-dependent and switching-
history-induced imprint in FE La:HfO2 capacitors. This
approach allowed us to establish correlation between develop-
ment of imprint and domain switchability. It has been shown
that the La:HfO2 capacitors exhibit a much more pronounced
imprint than the conventional PZT-based FE capacitors. Also,
in addition to conventional time-dependent imprint occurring
with time in the poled capacitors, an easily changeable fluid
imprint with a strong dependence on the switching prehistory
has been observed. Our studies suggest that while the
redistribution of the mobile charges under the depolarizing
field and subsequent entrapment at the film−electrode
interface is the root cause of the conventional imprint, charge
injection into and transport across the interface dielectric layer
is the main mechanism for the fluid imprint, which occurs
during the external voltage application. An interesting
consequence of this effect is inertial switchinga very slow
continuation of domain switching in the direction of the
previously applied field even after the field was turned off.
From an application point of view, imprint can be a serious
limitation factor for the memory device performance. Thus, an
optimization of the interface structural properties is required to
minimize or eliminate its detrimental effectsimilar to what is
necessary for alleviation of the wake-up effect and retention
loss.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. For electrical characterization, the

La:HfO2 films were integrated in a capacitor structure with the 25 nm
thick iridium oxide (IrOx) BE and TE sputtered in a BESTEC
physical vapor deposition tool at room temperature. IrOx was
deposited on silicon substrates with 200 nm thermally grown SiO2.
Electrodes were fabricated using the process at a pressure of 1 μbar,
and 20:5 Ar/O2 ratio to obtain a typical resistivity value of about 100
μΩ/cm2. The capacitor areas were defined by evaporating IrOx
through a shadow mask. Lanthanum-doped hafnium oxide films
were deposited in an Oxford Instruments OpAL ALD tool by atomic
layer deposition (ALD) as described elsewhere.21 The HfO2 films
were doped by replacing every tenth HfO2 cycles by La2O3 cycles
resulting in a La content of about 10 mol %. The IrO2 BE and the
complete IrO2/La:HfO2/IrO2 was annealed in O2 atmosphere at 600
°C for 10 min to ensure high oxygen content in all layers.

4.2. Characterization. A microscopic external probe in contact
with the TE was used to apply voltage using a Keysight 33621A
arbitrary waveform generator. A positive voltage leads to a Pdown state,
while a negative voltage resulted in the Pup state. The switching
current signals were recorded by a Tektronix TDS 3014B
oscilloscope. PFM imaging has been carried out using a commercial
atomic force microscope system (MFP-3D, Asylum Research) with
single-crystalline diamond tips (D80, K-Tek Nanotechnology)
employing a 330 kHz AC voltage with 0.65 V amplitude.
Capacitance−voltage (C−V) measurements were performed using a

Figure 5. Observation of inertial switching in the La:HfO2 capacitor.
PFM amplitude (a,c,e) and phase (b,d,f) images after application of
the (6 V, 5 ms) preset pulse (a,b), after application of the (−3.5 V, 1
ms) set pulse (c,d), and 36 h later (e,f). It can be seen that the
capacitor continues to switch even though there was no additional
external bias applied after the set pulse. The dark (bright) regions
correspond to Pup (Pdown). (g) Histogram analysis of the phase images
in (d,f) showing evolution of the polarization toward Pup after
application of the set pulse. (h) P−V loops acquired before
application of the (−3.5 V, 1 ms) set pulse (blue) and 36 h later
(red), which show development of a strong preference for the Pup
state.
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commercial Radiant Precision SC tester. All measurements were
performed at room temperature.
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