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Quantitative Local Probing of Polarization with Application

on HfO,-Based Thin Films

Owoong Kwon, Seunghun Kang, Sanghyun Jo, Yun Do Kim, Hee Han, Yeehyun Park,
Xiaoli Lu, Woo Lee, Jinseong Heo, Marin Alexe,* and Yunseok Kim*

Owing to their switchable spontaneous polarization, ferroelectric mate-

rials have been applied in various fields, such as information technologies,
actuators, and sensors. In the last decade, as the characteristic sizes of both
devices and materials have decreased significantly below the nanoscale, the
development of appropriate characterization tools became essential. Recently,
a technique based on conductive atomic force microscopy (AFM), called AFM-
positive-up-negative-down (PUND), is employed for the direct measurement
of ferroelectric polarization under the AFM tip. However, the main limitation of
AFM-PUND is the low frequency (i.e., on the order of a few hertz) that is used
to initiate ferroelectric hysteresis. A significantly higher frequency is required
to increase the signal-to-noise ratio and the measurement efficiency. In this
study, a novel method based on high-frequency AFM-PUND using continuous
waveform and simultaneous signal acquisition of the switching current is pre-
sented, in which polarization—voltage hysteresis loops are obtained on a high-
polarization BiFeO; nanocapacitor at frequencies up to 100 kHz. The proposed
method is comprehensively evaluated by measuring nanoscale polarization
values of the emerging ferroelectric Hfy sZr; 5O, under the AFM tip.

spontaneous  polarization.”!  Recently,
the characteristic size of these mate-
rials has been decreased because of the
increased demand for miniaturized
devices, leading to reduced thickness
of even HfO,based films of only one
nanometer.B Therefore, evaluation of
ferroelectricity involves considerable chal-
lenges, more than before, because the ferro-
electric properties, such as the polarization
value (charge density) and its switchability,
must be studied at the nanoscale level.

The mapping of ferroelectric polariza-
tion at the nanoscale has been performed
using piezoresponse force microscopy
(PEM), which is a variation of atomic
force microscopy (AFM). By detecting sur-
face displacement induced by converse
piezoelectric effect according to the appli-
cation of ac voltage,'>™™! the orientation

1. Introduction

Ferroelectric materials are applied in various fields, such as
information technologies, ™ actuators,>¥ and sensors,>
owing to their unique physical properties including switchable

of polarization and magnitude of the local
piezoelectric response can be obtained
from PFM measurements. However, it has
recently been revealed that non-ferroelectric contributions, such
as electrostatic effect, electrostriction, and ionic motion,l¢-18l
can also contribute to the PFM signal. Several attempts have
been made to differentiate the ferroelectric effect from the non-
ferroelectric ones.[>1819]
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To overcome these drawbacks, conductive AFM-based
techniques using the positive-up-negative-down method
(AFM-PUND) have been developed for direct measurements of
ferroelectric polarization.?>2!l These approaches enable inves-
tigation of ferroelectricity, and a quantitative polarization value
can be obtained even through AFM. However, these methods
were developed only in the low frequency range, i.e., typically
on the order of a few hertz up to 1 kHz. Although ferroelec-
tricity could be probed at the nanoscale level in these studies,
evaluation of a small polarization value (i.e., weak ferroelec-
tricity) remains challenging owing to the low signal-to-noise
ratio. Thus, development of a high-frequency version of AFM-
PUND would bring a series of advantages, such as reducing
the noise floor by decreasing the leakage current or electrical
1/f noise by increasing the measuring frequency.??l In turn, it
can be used to accurately evaluate weak ferroelectricity. Further-
more, as the write/read speed directly depends on the device
performance of ferroelectric-based memories, high-frequency
measurement could be more relevant to device applications.?’]

In this study, we developed AFM-PUND with a continuous-
type waveform in the 100-kHz range without any other circuits
and applied it to an emerging material, namely a Hf5Zr, 50,
(HZO) thin film, which is relevant for next-generation non-
volatile memories. This approach can be used for powerful and
simple investigation of the presence of weak ferroelectricity at
the nanoscale level.

2. Results and Discussion

The sequence of conventional PUND with a continuous wave-
form comprises P, U, N, and D, as shown in Figure 1a. Prior
to the application of a P (N) waveform, negative (positive)
pre-poling bias was applied to align the domain in a specific
direction. Then, when the P (N) waveform was applied, both
switching and non-switching currents were obtained. Notably,
the non-switching current includes dielectric current and
leakage current.?! Subsequently, the non-switching current
was generated with the subsequent application of a U (D) wave-
form as switching already occurred under application of the
first P (N) waveform. As a result, the current generated only
by the polarization switching could be distinguished by sub-
tracting the U (D) current from the P (N) current. The entire
polarization—voltage (P-V) hysteresis loop can be reconstructed
through normalization to the switched area or electrode size.
We also applied the conventional PUND to the AFM-PUND
measurement. However, unlike the continuous waveform in the
conventional PUND, the pulse-type waveform (Figure 1c) was
used to perform the AFM-PUND measurement, as in the pre-
vious report.?!l We observed that the shape of the waveform can
affect the obtained current. Thus, we comparatively evaluated
the current obtained through applications of continuous- and
pulse-type waveforms to determine the more suitable wave-
form for the high-frequency measurement. As the current was
proportional to the rate of increasing variation of the applied
voltage, the non-switching current was linearly proportional
to the applied voltage for the pulse-type waveform (Figure le),
which remained constant as the sign for the continuous-type
waveform changed (Figure 1f). In fact, we obtained such -V
curves in the capacitor of 15 uF, which was our model system,
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Figure 1. Schematics of PUND method with a) continuous waveform and
b) corresponding I-t curve. Schematics of c) pulse- and d) continuous-type
triangular waveforms and corresponding current behavior in capacitor by
applying e) pulse- and f) continuous-type waveforms. g,h) I-V curves for
capacitance of 15 UF with pulse- and continuous-type triangular waveforms.

as shown in Figures 1g,h. For both cases, the maximum non-
switching current increased with increasing frequency. How-
ever, at the same frequency, the maximum non-switching cur-
rent of the pulse-type waveform was much higher than that of
the continuous waveform. For example, at 4 Hz, the maximum
non-switching current of the pulse-type waveform was =20 times
higher than that of the continuous waveform. If the switching
current was assumed to be the same for both cases, the lower
maximum non-switching current can be beneficial while con-
sidering the current amplification. This is because operation of
the current amplifier with higher transimpedance gain value
results in a higher signal-to-noise level than that with a lower
transimpedance gain. By reducing the level of non-switching
current, the resolution of the obtained switching current can
be increased. Therefore, the continuous-type waveform can be
favorable for high-frequency measurement of AFM-PUND.

To explore the continuous-type waveform of the AFM-
PUND, we first performed PFM hysteresis loop measurements
in BiFeO; (BFO) nanocapacitors, wherein the thickness of
the BFO thin film was 90 nm, while the radius and thickness
of the Pt electrode were 190 and 25 nm, respectively. As pre-
sented in Figure 2a, switchable behavior was clearly observed
with a strong piezoresponse, and the coercive voltage was
around 1.5 V. Then, we applied the continuous-type wave-
form to the BFO nanocapacitor (the detailed waveform can be
found in Figure S1, Supporting Information). Because of elec-
trical source noise (here, 60 Hz) on the -V curves (shown by
the orange solid line in Figure 2b), triangular smoothing was
applied to the obtained original data to reduce the noise while

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 2. a) PFM hysteresis loop. b) I-V curves of P current before and after smoothing, and c) corresponding PFM images: i) before and ii) after
applications of P and U waveforms, respectively. Scale bar size is 0.4 um. Frequency-dependent I-V curves of d) P and e) U currents at low frequency
range of 2-50 Hz, in the BFO nanocapacitors. f) Switching current and g) P-V hysteresis loops at low frequency range. The -V curves were smoothed
using the triangular smoothing method. Moreover, prior to applications of the P and U waveforms, we reset the reference state of polarization as

upward direction using a reset pulse.

increasing the data visibility. Although the simplest smoothing
method is rectangular smoothing, which can return the average
value of the surrounding data points, triangular smoothing was
used to reduce distortion of the median.l* Five-point triangular
smoothing was applied based on the following equation:

- (Y]-_2 +2Y,+3Y,+2Y;, + YH)
=
9

(1)

where S and Y represent the smoothed and original data,
respectively. Figure 2b presents a representative result of
smoothing for the obtained original P current. The smoothing
procedure was successfully performed to reduce the noise
level without significantly changing the original current values
(Figure 2 and Figure S1, Supporting Information). As illustrated
in Figure 2d,e and Figure S2b,c (Supporting Information), the
ac noises in the P and U currents were smoothed out.

Through a comparison of the P and U currents in Figure 2d,e,
it is observed that the switching current peak is only visible in
the P current. Furthermore, as the frequency increases, both the
switching and non-switching currents increase as well. While
the coercive voltage linearly increases with the frequency, as
reported in several papers, [2>2% the polarization charge density
does not show a clear dependence on the frequency (Figure 2g
and Figure S1d, Supporting Information). We observed that
the switched area, which was around 0.0932 um? for 2 Hz,
as in Figure 2c, was obtained from the PFM phase images by
assuming a cylindrical shape of the switched region for con-
verting the switching current to the polarization charge density.

To directly analyze which waveform is most advantageous
for high-frequency measurements, we compared the level of
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non-switching current for each type of waveform. In the case
of the pulse-type waveform in the previous report, 2! the
non-switching current level was 0.2 nA at 2 Hz and 1.6 nA at
16 Hz under 3.6 V. The dielectric current increases proportional
to rate of voltage changing (i.e., dV/dt), indicating that a non-
switching current of =10 HA may appear at 100 kHz under the
same voltage conditions, assuming that the non-switching cur-
rent is entirely from the dielectric current. However, in the case
of the continuous-type waveform, the non-switching current at
50 Hz was 100 pA. Specifically, the non-switching current of
200 nA will appear at 100 kHz under the same voltage condi-
tions. This indicates that the continuous-type waveform is more
suitable for high-frequency measurement because lower non-
switching current is beneficial for achieving higher signal-to-
noise level as discussed earlier.

Subsequently, we investigated the higher frequency range,
namely 5-100 kHz, to acquire more switching current. As pre-
sented in Figures 3a—c, the switching and dielectric currents
increase in proportion to the frequency increase. As the fre-
quency increased, the switching current peak became broader,
the level of the non-switching current became remarkably
higher, and the peak voltage, which was the coercive voltage,
shifted to the right side. Furthermore, the peak value of the
switching current continued increasing, even at 100 kHz.

Through the switching current and the corresponding
switched area (Figure S4, Supporting Information), the P-V
hysteresis loops were acquired as presented in Figure 3d.
In the P-V hysteresis loop, the polarization charge den-
sity was =75 uC cm=2, which is in agreement with previous
reports.[?728] The value of polarization charge density in some
cases may be slightly larger than the general case. This could

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. Frequency-dependent smoothed |-V curves of a) P and b) U currents. c) Switching current and corresponding d) P-V hysteresis loop at high
frequency range (i.e., 5-100 kHz) in the BFO nanocapacitors. The inset in (d) presents coercive voltage as a function of frequency. Prior to the applica-
tion of the P and U waveforms, we reset the reference state of polarization as upward direction using a reset pulse.

be because the switched area obtained from the PFM phase
images may be slightly underestimated. Furthermore, the
actual switched region may be larger than the cylindrical shape
of the switched region. We also investigated the relationship
between frequency and coercive voltage. The coercive voltage
increased with increasing frequency, as presented in the inset
of Figure 3d. To acquire further information, the plot of the
coercive voltage versus the frequency dependence was fitted
using the following equation: [26]

In(Veer) = A-In(f)+B ()
where V., and f represent the coercive voltage and frequency,
respectively, while A and B indicate the exponent coefficient
and offset, respectively. The fitting parameters, i.e., A and B, are
0.2293 and —1.043, respectively. The value of the exponential coef-
ficient was previously reported to be around 0.05-0.23,[26:2%:30]
and hence is in good agreement with the obtained value in this
study. Interestingly, it can be observed that the switching cur-
rent gradually broadens as the frequency increases in Figure 3c.
This is because, as growth of the domain wall becomes rela-
tively slow as the frequency increases, growth of the domain
wall at high frequency occurs at a relatively high voltage com-
pared with that at low frequency. Therefore, broadening of the
switching current peak occurs.[2>3!

As the present approach exhibits higher signal-to-noise
ratio as well as higher measurement efficiency compared with
the previously reported pulse-type low-frequency method,?!
it is possible to obtain a switching current with a relatively
small area. Specifically, evaluation of ferroelectricity can be
performed even on considerably smaller capacitors. Further-
more, as the high-frequency measurement can reduce leakage
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current, the present approach may be applicable even to rela-
tively leaky capacitors or films.

Finally, to further evaluate the proposed method, we
applied the high-frequency AFM-PUND measurements to
Mo/10-nm-thick HZO film/Si nanocapacitors (further details
provided in the method section). The topography image in
Figure 4a demonstrates that the capacitor diameter is around
300400 nm, similar to that of the BFO nanocapacitors. The
PFM hysteresis loop in Figure 4b also exhibits a well-defined
ferroelectric behavior, while the amplitude and phase hyster-
esis loops in Figure S6a,b (Supporting Information) illustrate
a butterfly shape and 180 degrees of change, respectively. Fur-
thermore, the macroscopically measured P-V hysteresis loop
in Figure S6¢ (Supporting Information) demonstrates fer-
roelectric behavior. With this information, the AFM-PUND
with 100 kHz was performed, as depicted in Figure 4c. Even
with this frequency range, that is 0.01 ms, the switching cur-
rent peak is clear, indicating occurrence of the switching event
during application of the first waveform. However, the value
of the polarization charge density given in Figure 4f is slightly
smaller than that obtained macroscopically, as in Figure S6¢
(Supporting Information), because of the overestimated
switched area based on the assumption. Notably, although the
switching current is relatively small compared with that of the
BFO nanocapacitor, it can be further increased by increasing
the switched area.

3. Conclusion

In this work, we developed high-frequency AFM-PUND
and demonstrated its application in HZO nanocapacitors at

© 2021 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. a) Topography image of HZO nanocapacitor. The scale bar is 0.4 um. b) Averaged PFM hysteresis loop from 36 measurements at the same
location. c) It and V-t curves, and corresponding d) P and U currents, e) switching current, and f) P-V hysteresis loop in the HZO nanocapacitors.
The switched area was assumed using the nanocapacitor area owing to the relatively fast relaxation.

100 kHz. To increase the signal-to-noise ratio as well as the
measurement efficiency, continuous waveform and simul-
taneous signal acquisition of the switching current were
performed, while triangular smoothing was applied to the
obtained -V curves. As a result, P-V hysteresis loops were
obtained in the BFO nanocapacitor at frequencies up to
100 kHz. Moreover, the method was comprehensively evalu-
ated using emerging ferroelectric HZO nanocapacitors. High-
frequency AFM-PUND can be used as a powerful and simple
investigation approach for the presence of weak ferroelectricity
at the nanoscale level and may potentially be operated at even
higher than 100 kHz.

4. Experimental Section

BFO Nanocapacitor: An epitaxial BFO thin film with the thickness
of 90 nm was grown on a SrRuO; (SRO) bottom electrode with the
thickness of 75 nm. The SRO bottom electrode was deposited onto a
(007)-oriented SrTiOs substrate through pulsed laser deposition. Anodic
aluminum oxide shadow masks were placed on the BFO thin film. Pt
top electrodes with the radius of 190 nm and thickness of 25 nm were
deposited via electron-beam evaporation with the anodic aluminum
oxide (AAO) template. The fabrication conditions were similar to those
reported in prior studies.2%

HZO Nanocapacitor: A HfysZrosO, thin film with the thickness
of 10 nm was grown on a p™ polysilicon substrate through atomic
layer deposition. Post-deposition annealing was performed via laser
spike annealing at the temperature of 700 °C. To realize the HZO
nanocapacitor, an AAO template with a pore size of =380 nm was used
as a shadow mask, as reported in the previous papers. A 30-nm-thick
molybdenum top electrode was deposited via e-beam evaporation
through the AAO mask. A stacking configuration of Mo/HZO/Si was
fabricated after mechanically removing the AAO mask. Finally, post-
metallization annealing was conducted using a rapid thermal annealing
process at the temperature of 350 °C for 1 min.
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Measurements: A commercially available AFM (Park Systems, NX-10)
was used for the entire measurement. For the PFM images in the BFO
nanocapacitor, the ac voltage of 0.3 V., at 17 kHz was applied using
a lock-in amplifier (Zurich Instruments, MFLI) synchronized with the
AFM. I-V curves were measured using the LabVIEW program with an
arbitrary waveform generator (National Instruments, PXI-5412) and a
digitizer (National instruments, PXI-5122) in the capacitor (15 puF). For
the measurement of AFM-PUND at low frequencies (up to 100 Hz), the
inherent [-V spectroscopy mode in the AFM with a current amplifier
(Femto, DLPCA-200) was used (Figures 1and 2). At high-frequency AFM-
PUND (higher than 1 kHz), the arbitrary waveform generator (Stanford
Research Systems, DS345), oscilloscope mode of lock-in amplifier
(Zurich instruments, MFLI), and current amplifier (Femto, DLPCA-200)
were synchronized with the AFM owing to the limited frequency of the
built-in I-V spectroscope in the AFM (Figures 3 and 4). In the current
amplifier, transimpedance gains of 10° and 10° with the low noise mode
were used for low and high-frequency measurements, respectively.34%
The applied voltages were 8 and 10 V of the triangular waveform, which
were generated by the arbitrary waveform mode.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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