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ABSTRACT: Nanoscale manipulation of surface charges and
their imaging are essential for understanding local electronic
behaviors of polar materials and advanced electronic devices.
Electrostatic force microscopy and Kelvin probe force micro-
scopy have been extensively used to probe and image local
surface charges responsible for electrodynamics and transport
phenomena. However, they rely on the weak electric force
modulation of cantilever that limits both spatial and temporal
resolutions. Here we present a field effect transistor embedded

probe that can directly image surface charges on a length scale of

2S5 nm and a time scale of less than 125 us. On the basis of the
calculation of net surface charges in a 25 nm diameter ferro-
electric domain, we could estimate the charge density resolution
to be as low as 0.08 uC/ cmz, which is equivalent to 1/20
electron per nanometer square at room temperature.
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arious high-resolution SPM techniques are capable of probing

local electrical,! magnetic,2 chemical,® piezoelectric,4 and
thermal properties® of condensed and soft matters as well as
manipulating these properties at the nanoscale.”” Among those
various techniques, electrostatic force microscopy (EFM) and
Kelvin probe force microscopy (KFM) have been widely used to
characterize the surface potential and electric field of ferroelectric
surface,® DNA/protein alrrays,9 nanowires/nanotubes,'’ and
trapped charges at the interfaces.'’ Since both EFM and KFM
primarily detect a small change in cantilever deflection (on the
order of subnanometers to a few nanometers) induced by the
electric force, they are under strong influence of interferences by
other forces, for example, van der Waals force, capillary force, and
thermal energy fluctuations, which are acting on the tip or
cantilever. Therefore, to minimize the nonlinear contribution
from such forces, one needs to use a very stiff cantilever and
maintain a certain gap between the tip and sample surface, which
deteriorates the spatial resolution of both EFM and KFM.
Furthermore, data acquisition speed is mainly limited by the
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mechanical resonance frequency of the cantilever or the modula-
tion frequency of the lock-in amplifier.

For circumventing the spurious coupling with the cantilever
motion, various direct charge imaging methods have been proposed
and reported. For example, Yoo et al. reported the design and
fabrication of a single-electron transistor tip to image individual
surface charge distribution on a length scale of 100 nm at 4.2 K."?
However, the low-temperature operation limits its practical applica-
tions. Suh et al. reported a field effect transistor (FET) probe
fabricated on top of the silicon tip with a spatial resolution of about
300 nm."® The reason behind the poor resolution comes from the
fact that the gate is defined after the tip is formed; thus, it is difficult to
reduce the size of the sensing region and align it exactly onto the tip
apex. Previously, we demonstrated the scanning resistive probe
microscopy (SRPM) that has an electric field sensor aligned at the
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Figure 1. Simulated structures with dopant concentration distributions and estimation of spatial resolution. (a,b) Three-dimensional dopant
concentration plots for point (a) and wedge shaped resistive probes (RPs) (b). (c) Plot of the simulated RP signal across positive and negative
charge domains for point and wedge shaped probes. (d) Scanning electron microscopy images of point (left) and wedge-shaped probes (right).

tip apex with a spatial resolution of about 200 nm and a temporal
resolution of 10 ns.**'> Like other methods described above, SRPM
also suffered from the poor spatial resolution even though the
position of sensor was aligned with the tip apex. Here we present
our detailed analysis on the reasons for the poor spatial resolution of
SRPM and an improved design of SRPM that has a wedge-shaped
electric field sensor. The wedge-shaped resistive probe (RP) offers a
far better spatial resolution without losing its high speed acquisition
rate for detecting surface charges at room temperature down to
25 nm in lateral size.

Results and Discussion. For optimizing the process and
improving the spatial resolution, we conducted both process and
device simulations using technology computer-aided design
(TCAD)'® that build tip structures with various dopant profiles
and measured the source—drain current as the tip moves across the
oppositely charged electrodes, of which details can be found in
Supporting Information. However, contrary to our prior expectation,
we found that a geometrically sharper tip leads to a poorer spatial
resolution of surface charge. The simulation results shown in
Figure 1c clearly demonstrate a drastic improvement of the spatial
resolution by changing the probe shape from pyramid to wedge. In
addition, the resolution further improves as we increase the length of
wedge from 150 to 300 nm. To better understand the underlying
physics behind such an improvement, we compared the geometry
and dopant concentration distribution of both pyramidal and wedge-
shaped RPs as shown in Figures lab, which illustrate the three-
dimensional plots of the pyramidal and wedge-shaped RPs with
dopant concentration distribution represented by color scale bars. On
the basis of our structure and device analyses, we found three main
reasons responsible for the improvement as follows: the volume of
high sensitivity region (lowly doped region) becomes more spatially
confined to a smaller region, the total resistance of the probe decreases
as manifested by higher dopant concentration in the periphery
regions around the tip, and the electric field gradient gets steeper.
In other words, by preserving the highly doped region next to the
lowly doped sensing region, we could form electric shields wrapping
the sensor that reduced the contribution of parasitic electric fields
outside the region of interest, and lower the total device resistance that
contributed to higher sensitivity in terms of AR/ RY

The source, channel, and drain regions were formed using a 300
keV As™ implantation process with a stripe-shaped oxide implanta-
tion mask of which a portion was then used as an isotropic tip-
etching mask, thereby making the channel area aligned with the tip
apex."® To have a wedge shape instead of a sharp pyramidal tip, we
varied the aspect ratio of tip mask and optimized the process for the
desired shape and length (see Supporting Information). Figure 1d
shows the comparative scanning electron microscopy (SEM)
images of the pyramidal and wedge-shaped RPs.

Figure 2a—c shows the SRPM, KFM and PFM (phase) images of
a selectively polarized region in an epitaxially grown PbZr,TiosO;
thin film on a SrRuO;/SrTiO; substrate. On the basis of the PFM
phase image in Figure 2c, we find that the bright contrast corre-
sponds to domains with downward (negative) polarization whereas
the dark contrast to those with upward (positive) polarization
formed by local polarization switching. The corresponding PFM
amplitude image (not shown here) confirms that both positive and
negative domains are fully extended through the film thickness.
PEM is known to be insensitive to topography and screen charges'’
and has a spatial resolution of about ~10 nm (in ambient);>*"
whereas, KFM can detect and quantitatively measure the overall
contribution of charges including surface charges (chemical
species), screen charges, and bound charges of polarization in terms
of surface potential. As shown in Figure 2b, the surface potential
variation over the ferroelectric domains is mainly governed by the
screening charges, which is also the case with SRPM image in
Figure 2a.'%?* However, as KEM detects the electric force with a
certain gap between the tip and sample, it has poorer spatial
resolution in detecting the ferroelectric domain boundaries than
that of PEM.>* As can be seen from the line profiles shown in
Figure 2d, RP has the same or similar spatial resolution as that of
PFM phase images and has a capability to detect the screen charges
like KFM. Although there is an issue with quantitative estimation of
surface charge with RP, we can solve it by calibrating RP with a
standard sample used for sensitivity measurement'* and convert the
surface potential into the amount of surface charges. Another
method is to use KFM and macroscopic electrical measurement
data to evaluate the overall net surface charge over a large area and
roughly estimate the net surface charge over a small area. In the case
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Figure 2. Comparison between SRPM, KFM, and PFM phase images of positively and negatively polarized domains in square patterns. (a—c) SRPM (a),
KEM (b), and PFM phase images (c). (d) Line profiles of SRPM (red curve), KFM (blue curve), and PFM phase (black curve) images across the centerlines.
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Figure 3. Manipulation and detection of surface charges using SRPM. (a,b) Topography (a) and SRPM (b) images of artificially polarized domains with
letters showing “RESISTIVE PROBE”. (c,d) Checkerboard patterns of alternating positive and negative domains imaged by SRPM (c) and selected line
profiles of domains with distances of 50, 38, and 25 nm (d).

of a 25 nm diameter domain, if we adopt the measured We demonstrated in Figure 3a,b that RP can detect surface
polarization™ of 80 C/cm” and over screen charge' of 1%, we charges artificially decorated by inducing local ferroelectric
come up with a charge quantity of ~25 electrons, which gives an switching via voltage bias to the probe without a crosstalk from
upper limit estimate of charge resolution for the SRPM. the topography. The words “RESISTIVE PROBE” are clearly
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Figure 4. Frequency dependent SRPM and KFM images. (a—e) SRPM (upper row) and KFM images (lower row) at scan frequencies of (a) 1, (b) 2,
(c) 4, (d) 8, and (e) 16 Hz. (f, g) Plots of line profiles at centerlines of (f) SRPM and (g) KFM images.

seen in SRPM image (see Figure 3b) without distorting the
topography image (see Figure 3a). Equally important is that the
surface features of humps and troughs observed in topography is not
seen in SRPM image. Furthermore, to study the spatial resolution of
RP, we formed checkerboard patterns of various sizes by alternating
up and down polarization domains. As shown in Figure 3c and the
line profiles across the patterns, we could distinguish domains of less
than 25 nm in diameter. This is more than 8 times improvement of
resolution as compared with our previous record reported
elsewhere'® and is close to that of PFM.2° Furthermore, RP can
potentially operate at >100 MHz due to its ultrafast response time
(<10 ns)," which is feasible with neither PFM nor KFM.* There-
fore, we believe that RP can be used as a high-density information
storage reader in ferroelectric-based storage devices, ¢
Although RP has a response time of less than 10 ns, in practice
the scanner in atomic force microscopy (AFM) will limit the rate
of RP image acquisition. Figure 4 illustrates the high-speed
capability of RP and its comparison with KFM. We scanned
the RP tip from 1 up to 16 Hz and then reduced the scan speed
back to 1 Hz whereas we started from 0.25 up to 16 Hz and
returned to 0.25 Hz in KFM. To compare SRPM and KFM on
one-to-one basis, we chose scan frequencies of 1, 2, 4, 8, and 16
Hz in Figure 4a—e. As expected from our previous response time
measurement of RPs,"> we observed another great advantage of
SRPM over KFM in that the spatial resolution of SRPM is
persistent as we increase the scan rate at least up to 16 Hz,
whereas the KFM images become rather unreliable when the
scan rate exceeded 2 Hz. Since one scan line consists of 256
pixels, the residence time over a pixel at the scan rate of 16 Hz is
~125 us, which provides the upper limit of temporal resolution
in SRPM. However, it should be noted that the absolute amount
of surface charge changes because they can drain into the RP tip
as is the case with grounded conductive tip.lg’29 The topography,
SRPM and KFM images remained the same when we return to
the original scan rate (1 Hz for SRPM and 0.25 Hz for KFM).
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In summary, we have developed a novel probe that can directly
image the surface potential or charge by a conventional AFM
without a lock-in amplifier. Spatial resolution of less than 25 nm
and temporal resolution below 125 us (with a potential below 10
ns) have been demonstrated, which combines the advantages of
KEM (or EFM) and PFM with higher speeds. On the basis of the
comparative images between KFM and RP and the fact that PEM
cannot detect surface charges, one can immediately recognize the
advantage of using RP over KFM and PEM: direct measurement of
the surface potential with higher spatial and temporal resolutions.
The types of scientific questions that could be answered by this
technique include nanoscale polarization-switching dynamics at or
close to the physical limit of its switching time of ferroelectric thin
films, fast relaxation mechanism of charges trapped in oxide or
ferroic nanostructures, and in vitro/in vivo observation of charge
transport in bone or neuron cells. Thus, this probing technique will
be beneficial not only for condensed matter research and relevant
applications, but also for soft matter study, for example, biophysics
where one can get surface charge information decoupled from
mechanical damping of the cantilevers in liquid environment.

Methods and Materials. Fabrication of Resistive Probes. We
used silicon on insulator (SOI) wafers, as the starting material
where an 800 nm thick oxide Iager was thermally grown on a 6
um thick p-type (1 x 10"°/cm®) device layer. The oxide layer
was patterned to define source and drain regions and used as
masks for ion implantation (As®", acceleration energy of 150
keV, and dose of 1 x 10'°/ cmz). After the ion implantation,
annealing process for dopant activation and diffusion was con-
ducted at 1000 °C for 12 h under dry N, environment. During
this annealing process, the implanted regions expanded diffu-
sively and the boundaries of implanted regions, where doping
concentration was 10"°—10"®/cm?, were eventually overlapped,
forming the resistive region under the mask. Subsequently, we
patterned the implantation mask layer to form a tip etch mask
with various aspect ratios to control the shape of the tip apex (see
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Supporting Information). RP tip was formed by an isotropic Si
wet etching in HNA (hydrofluoric nitric—acetic) solution,
followed by sharpening oxidation process. More detailed fabrica-
tion process of RP can be found elsewhere.*

Preparation of Ferroelectric Thin Films. Highly polar
PbZro,Tig 05 (P, = 80 uC/cm?) epitaxial thin films have been
grown by pulsed laser deposition (PLD) on atomically flat,
conducting StRuOj films on SrTiOj single crystal substrates
(cubic, a = 0.3905 nm). Details on the thin film synthesis,
structures, and ferroelectric properties can be found elsewhere.”

Process and Device Simulation. We conducted the process
simulation of the resistive probe structure by using ATHENA
(Silvaco). The input é)arameters were As” implant energy (300
keV), dose (1 x 10"°/cm?), and incident angle for implantation
process, and diffusion time, temperature, lateral diffusivity for both
diffusion and oxidation-enhanced diffusion processes. After the
diffusion process, we removed the part that was etched in accor-
dance with the experimental data for the tip shape from SEM
images. The resulting tip shape with its dopant profile was fed into
the device simulator (ATLAS, Silvaco). With these input para-
meters, we calculated the sensitivity and spatial resolution as
described in ref 17 (see Supporting Information for more details).

PFM and KFM Characterization. We first poled the sample top-
down (negative direction) by applying —8 V to the bottom
electrode over the area of 3 x 3 um® Then we applied +8 V
inside the negatively poled area over 1 x 1 um® As shown in
Figure 3, we formed another box pattern by reversing the polarity of
voltage ap}glied to the bottom electrode, that is, applying +8 V over
3 X 3 um” and subsequently applying —8 V over 1 x 1 um”. For
PEM image acquisitionf’1 we used Pt-coated Si tips (NSGO1-Pt,
spring constant: 5.5 N/m, NT-MDT, Inc.) and connected the lock-
in amplifier (SR 830, Stanford Research Systems) to the SPM (SPM
400, SII, Japan) unit. The reference amplitude and frequency of the
modulation signal generated by the lock-in amplifier were 0.8 V.
and 17 kHz. We used a phase offset of —90° to keep the PFM phase
values between —90° and 90°. The scan frequency was 0.7 Hz. For
KEM, we used Au-coated Si tips (DF3-A, spring constant, 1.6 N/m;
resonance frequency, 24 kHz; SII, Japan) and applied 6 V,,, ac
modulation voltage at 14.4 kHz to the tip. The scan frequency was
0.2 Hz for Figure 3b and was varied from 1 to 16 Hz for Figure 4.
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© Supporting Information. Methods and materials, addi-
tional figures, table, and references. This material is available free
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