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Charge gradient microscopy
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Here we present a simple and fast method to reliably image
polarization charges using charge gradient microscopy (CGM). We
collected the current from the grounded CGM probe while scanning
a periodically poled lithium niobate single crystal and single-crystal
LiTaOs3 thin film on the Cr electrode. We observed current signals at
the domains and domain walls originating from the displacement
current and the relocation or removal of surface charges, which
enabled us to visualize the ferroelectric domains at a scan frequency
above 78 Hz over 10 pum. We envision that CGM can be used in
high-speed ferroelectric domain imaging and piezoelectric energy-
harvesting devices.
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Ferroelectric and piezoelectric materials have attracted great
attention due to their applications in commercial markets
such as a medical imaging (1-3), next generation inkjet printer
heads (4), precision-positioning stages (5, 6), fuel injectors in
diesel engines (7, 8), and memory devices (9, 10). The macro-
scopic properties of ferroelectric and piezoelectric materials that
make them appealing for current and future technologies can be
more fully understood and improved through detailed knowl-
edge of their domain structures at the nanoscale and mesoscale
11-15).

( For gxample, one well-established microscopy technique that has
been applied extensively to ferroelectric materials is Piezoresponse
Force Microscopy (PFM), a scanning probe technique that enables
the visualization and manipulation of ferroelectric domain struc-
tures at the nanoscale (16-18). PFM uses an external ac voltage to
modulate the strain induced by the converse piezoelectric effect
while monitoring the resulting deformation wave in terms of both
amplitude and phase through a lock-in amplifier, which enhances
the inherently small vibration signal (19-22). However, one of the
major drawbacks of PFM is that the speed of data acquisition is
limited by the resonance frequency of the cantilever and the time
constant of the lock-in amplifier (23). Very few groups acquired
PFM images at scan frequencies higher than 10 Hz over a scan
length of 10 pm (24).

To address this challenge, we introduce charge gradient mi-
croscopy (CGM), a high-speed nanoscale tool to image ferro-
electric and piezoelectric domains. CGM collects the charges
that screen either the scraped charges near the tip or the electric
polarization beneath the sample surface and maps them as a
function of position.

Fig. 1 shows the principle of CGM. Using an atomic force
microscopy (AFM), we apply a constant force (F) to the AFM tip
and collect current through an amplifier as the tip is scanned
across the domain boundaries in a ferroelectric or piezoelectric
material. We expect the measured current to have contributions
from displacement currents (when crossing over domain bound-
aries), piezoelectric charge flow, and current due to removal of
bound screening charges (25). As CGM does not require a lock-
in amplifier as for conventional PFM, it can use higher scan
frequencies to obtain domain images. In addition, this tech-
nique is different from either conducting AFM (C-AFM) (11) or
current-sensing AFM (CS-AFM) (26) in the sense that no ex-
ternal bias is applied while collecting the current and the removal
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of the surface screening charge by the tip is required (SI Ap-
pendix, Fig. S1).

CGM images of a periodically poled lithium niobate (PPLN)
single crystal are shown in Fig. 2 as a function of scan frequency.
It can be clearly seen that the CGM signal is dependent on the
scan frequency and that the current increases with the scan
speed. We observed two contributions to the CGM signals. The
dominant part of the signals at lower scan frequency originates
from the displacement current when the tip crosses the domain
boundaries (SI Appendix, Fig. S2). The second contribution,
which becomes stronger as we increase the scan frequency, is
believed to originate from the charge flow from the ground to
compensate either the overcharged tip (SI Appendix, Fig. S3) or
the unscreened surface (SI Appendix, Fig. S4) when the tip
scrapes the surface charges (25). The distortion in the CGM
measurements seen in Fig. 2C can be explained by the me-
chanical deformation of platinum tips as observed by scanning
electron microscopy (SEM). To ensure that there is no signifi-
cant capacitance change due to the topography, we measured the
rms roughness of the area of interest. The roughnesses were 0.15
and 0.35 nm for PPLN and congruent lithium tantalate (CLT),
respectively (SI Appendix).

We repeated CGM imaging eight times at a scan frequency of
10 Hz and found that after the first two consecutive scans, there
was no significant change in the shape of the current profile. The
difference between the first two scans and the rest of the six
scans lies in the signal from the domain itself. We noticed that
the current on the domain increased and saturated by 0.5 pA in
Fig. 2D. This is in agreement with the surface potential evolution
as a function of number of scans using grounded tip on prewritten
domains reported by Kim et al. (27). It should be noted that CGM
does not work for the case where the screening mainly takes place
through internal screening as supported by the CGM images of

Significance

Polarization charges of ferroelectric materials are screened by
an equal amount of surface charges with opposite polarity in
ambient condition. Here we show that scraping, collecting, and
quantifying the surface screen charges reveals the underlying
polarization domain structure at high speed, a technique we
call charge gradient microscopy. The scraped charge, measured
as a current that scales with scraping rate, induces a charge
gradient which leads to the immediate relocation or refill of
the screen charges from the vicinity of the probe, making this
method a reliable tool to study the complex dynamics of do-
main nucleation and growth induced by a biased tip in the
absence of surface screen charges.
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Fig. 1. Schematic diagram of CGM. CGM can characterize polarization
charges with a high speed by scraping the screen charges on the surface of
the ferroelectric thin film using a conducting AFM tip.

PPLN obtained in vacuum after in situ heat treatment (SI Ap-
pendix, Figs. S5 and S6).

By integrating the current over the line profile shown in Fig.
2D at scan frequency of 10 Hz, we were able to calculate the
charge collected to be 45.4 + 3.3 fC. We calculated the expected
displacement charge associated with crossing over a single do-
main based on the assumption of a hemispherical tip contact
with a radius of 45 nm, a remnant polarization (P;) of 80 uC/cm?
(28), and an absence of screen charge by surface charge removal
(SI Appendix, Figs. S1 and S15) (25). The estimated surface
charge [Q = 64 = (P, e n)A4, where o is surface charge density, 4
is the area of contact, and # is the unit surface normal vector of
A] created by the sample remnant polarization of 80 pC/cm? over
an area of hemisphere with a radius of 45 nm is 5.05 fC. Because
the change of polarization across the domain boundary is 2P;,
the expected amount of charge flowing to the tip would be 10.1
fC. This leads to the estimated charge of 50.5 fC for five domain
walls. The assumption of no screen charge is supported by the
fact that we needed to apply at least 1 pN (~120 MPa), which
effectively removed the surface screen charge (25) and electrostatic
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Fig. 2. CGM images as a function of scan frequency: (A) 5 Hz, (B) 10 Hz, and
(C) 20 Hz over an area of 25 x 25 pm on the PPLN single crystal. (D) Re-
peatability of CGM imaging. Line profiles obtained on the same region
across the black dotted line in B with number of repetitions: 1, red; 2, or-
ange; 3, yellow; 4, green; 5, blue; 6, indigo; 7, violet; and 8, black. The width
of each domain is 5 pm.
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force microscopy (EFM) images we collected before and after the
CGM experiments on the PPLN sample (SI Appendix, Fig. S1).

We also calculated the expected charge from direct piezo-
electric effect, which is 0.007-0.019 fC under the load of 1.17 pN
for single-crystal Z-cut lithium niobate with a piezoelectric co-
efficient, ds3, of 6-16 pC/N (29). These calculations [45.4 fC
(experiment) vs. 50.5 fC (unscreened displacement charge) and
0.019 £C (piezoelectric charge)] demonstrate that the measured
signal is dominated by the unscreened displacement charge
across domain walls at a scan frequency of 10 Hz.

We measured the delta current, which is defined to be the
difference between the maximum and minimum currents in Fig.
2, as a function of scan frequency from 5 to 30 Hz (S Appendix,
Fig. S9). As shown in Fig. 3, we could obtain a linear relationship
between the delta current and the scan frequency. As the dis-
placement current linearly scales with the tip velocity, this clearly
shows that our method is suitable for high-speed measurement,
and we were only limited by the mechanical resonance frequency
of our current equipment.

To prove its high-speed capability and the mechanism of col-
lecting displacement current, we used a conducting diamond tip
(CDT-NCHR-10, 73 N/m, Nanosensors, Inc.) with the tip load of
41.4 pN and increased the scan frequency to 78.12 Hz over a 10 x
10-ym area on the PPLN sample while collecting both trace
(from left to right) and retrace (from right to left) images. The
scan angle was fixed at 90° to maximize the charge gradient
across the domain boundaries.

As can be seen from Fig. 4 A and B, the current peaks are
located at the domain walls with its positive peak corresponding
to the tip moving from positive (upward) domain (dark violet
color) to negative (downward) domain (bright yellow color), and
its negative peak corresponding to the tip moving from negative
to positive domain (SI Appendix, Fig. S2).

Finally, we attempted to decrease the feature size of artificially
decorated domains in CLT thin films to determine the spatial
resolution of CGM. As seen in Fig. 5, features down to about 200
nm are visible, which is comparable to the domain wall width
measured in Fig. 4. Compared with the PFM resolution of about
10 nm, this relatively large value implies that the probe should be
improved for the nanometer-scale measurement of domains.
We envision that we can improve the spatial resolution of CGM
down to 20 nm using a tip that separates the function of scraping
the screen charge and detecting the current flow. The fun-
damental limit will be determined either by the bandwidth of
the current amplifier (SI Appendix, Fig. S10) and contact area
of the tip (SI Appendix, Fig. S11) and the sample surface or by
the domain wall thickness. The optimization of the process
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Fig. 3. Delta current as a function of scan frequency. The difference be-
tween maximum and minimum current values, i.e., delta current in the line
profiles, is plotted as a function of scan frequency from 5 to 30 Hz. Ten delta
current values were averaged in each data point.
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Fig. 4. Trace and retrace CGM images at scan frequency of 78 Hz. CGM
images taken on domain boundaries of PPLN sample from (A) left-to-right
scan (trace) and (B) right-to-left scan (retrace) with line profiles showing the
current peaks at domain boundaries. PFM (C) amplitude and (D) phase
images are taken at the same region where dark phase contrast corresponds
to positive (upward) domain and bright phase contrast corresponds to
negative (downward) domain.

parameters and tip geometry is underway to improve the spatial
resolution.

We did not observe any significant milling effect by mechan-
ical indentation on the PPLN sample when using the Pt tip.
However, we observed such an effect when using a conducting
diamond-coated tip with a load over 40 uN. From this observa-
tion combined with the EFM images obtained before and after
the CGM experiments (S Appendix, Fig. S1), we believe that the
screening charges can be scraped mechanically by the AFM tip.

In conclusion, CGM is a simple and fast scanning probe mi-
croscopy that can characterize polarization domains by scraping
the screen charges on the surface using a conducting nanoscale
tip. As such, CGM opens possibilities for investigating un-
screened surfaces without the need of using ultrahigh vacuum
systems. Furthermore, we envision that a CGM-based energy
harvester can be designed.

Materials and Methods

Calibration of Conducting AFM. Before conducting CGM, first we carried out
calibration of our C-AFM to check the nature of contact (Ohmic or Schottky),
contact resistance, and offset in both voltage and current measurement using
highly ordered pyrolytic graphite (HOPG) standard sample (ZYB, NT-MDT) (S/
Appendix, Fig. $12).

CGM Experiments on PPLN Single-Crystal Sample. After the calibration, we
performed our CGM imaging using grounded Pt-wire tips (RMN 25Pt300B,
18 N/m, Rocky Mountain Nanotechnology, LLC) on a periodically poled
lithium niobate sample (PPLN, AR-PPLN test sample, Asylum Research, Inc.,
which consists of a 3 x 3-mm LiNbOs3 transparent die that is 0.5 mm thick).
The current was collected through the AFM tip attached to the cantilever
holder (ORCA, gain of 5 x 108 volts/amp (~1 pA to 20 nA), Asylum Research)
while the bottom electrode was grounded. To make sure the tip was
grounded, we removed the offset voltage of about —83 mV presented in the
system. We also removed the offset current of about 50 pA.

1. Szabo TL (2004) Diagnostic Ultrasound Imaging: Inside Out (Academic Press,
Burlington, VT).
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Fig. 5. Trace and retrace CGM images of artificially decorated domains with
different sizes. CGM images taken on ribbon-shaped domains poled by 6 V
to the bottom electrode of 85-nm-thick LiTaOs films from (A) left-to-right
scan (trace) and (B) right-to-left scan (retrace) using Pt tips at scan frequency
of 40 Hz. PFM (C) amplitude and (D) phase images are taken at the same
region at scan frequency of 1 Hz where bright phase contrast corresponds to
positive (upward) domain and dark phase contrast corresponds to negative
(downward) domain. A real-time acquisition movie of CGM images is avail-
able (Movie S1).

The scan frequency was varied from 5 to 30 Hz, and the scan size was 25 x
25 um. The applied force to the tip was 1.17 pN. The scan angle was fixed at
45°, The CGM image consisted of 256 x 256 pixels. To obtain line profiles
across the domain boundaries, an arbitrary line perpendicular to the domain
wall was chosen. To get better signal-to-noise ratio, 20 lines adjacent to the
arbitrarily chosen line were used to get the averaged line profile.

CGM Experiments on CLT Thin Films. To see if we can apply the CGM to other
ferroelectric materials, we have obtained very thin and uniform CLT thin films
with thicknesses of 30-100 nm on 500-nm-thick Cr electrodes, of which
preparation details can be found in the S/ Appendix. For CGM images on CLT
thin films, we used Pt-wire tips. The scan frequency was 39.06 Hz, and the
scan size was 8 x 8 pm. The scan angle was fixed at 45°. The load applied to
the tip was 1.17 pN. Both trace (from left to right) and retrace (from right to
left) scans were imaged. CGM images of artificially decorated squares and
circles with different sizes at a scan frequency of 156 Hz were also obtained
(S! Appendix, Fig. S13).

PFM Imaging of PPLN Single-Crystal and CLT Thin Film Samples. As a control
experiment, we performed conventional out-of-plane PFM on the PPLN
sample using drive frequency of 426.54 kHz and drive voltage of 1V to the
Pt-wire tip (S/ Appendix, Fig. S14). For CLT thin films, we obtained PFM
images (Fig. 5) using conducting diamond-coated silicon cantilever (CDT-
NCHR-10, Nanosensors, Inc.) with ac bias voltage of 2 V and 70 kHz to the
bottom electrode, scan frequency of 2 Hz, and applied force of 2.3 pN.
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