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ABSTRACT

Cantilever-free scanning probe microscopy has enormous potential for high-throughput topography imaging using parallel probe arrays.
However, the current imaging mechanism of the cantilever-free tip architecture hardly considers the efficiency of the detection method
regarding precision and bandwidth, which could be a bottleneck to expanding the application of this measurement system. In this commu-
nication, we present a contact resistance-based cantilever-free imaging system using radio frequency (RF) reflectometry. RF reflectometry
measurements provide sensitive detection of the contact resistance with a wide bandwidth, enabling sub-micrometer-scale topography
imaging. We demonstrated our imaging system using a carbon black-polydimethylsiloxane composite tip with a custom-built RF reflectome-
try setup. The proof-of-concept system achieved a resolution of 230 nm and a bandwidth of the detection system of approximately 8.5 MHz,
validating the feasibility of the imaging technique for potential high-throughput cantilever-free scanning probe microscopy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152880

I. INTRODUCTION

Scanning probe microscopy (SPM) is a routine high-resolution
inspection tool to resolve various specimens such as two-
dimensional (2D) materials," surface structures,” and biomole-
cules.” However, the slow imaging speed and narrow field of view
of SPM hinder an expansion of its applications beyond scientific
research. Achieving high throughput has been an important devel-
opment goal of SPM. SPM methodologies, e.g., scanning tunneling
microscopy (STM)* and atomic force microscopy (AEM),” are
inherently unfavorable for large-area measurements because of the
serial nature of mechanical scans imposing low bandwidth. Effort
has been devoted to addressing this limitation by means of a high
bandwidth system®® and parallel measurement approach using
multiple probe arrays.””'” However, these approaches have a
limited field-of-view, and the probe array and detection system
have a complex structure. Consequently, the application of typical
SPM equipment still focuses on small features up to several tens of
micrometers.

Recently, cantilever-free SPM systems harnessing massively par-
allel probe arrays have been developed for large-area measure-
ments.' > The cantilever-free tip architecture adopts an elastomeric
buffer mechanism instead of a complex cantilever design, which
enables fabricating multiple probe arrays using an uncomplicated
process. While this architecture was initially proposed for high-
throughput scanning probe lithography (SPL),'*™' two pioneering
works invented novel imaging mechanisms for cantilever-free tip
architecture.”” Cantilever-free SPM can measure a millimeter-scale
field-of-view using a parallel probe array,” which validates the
potential for high-throughput topography measurements.

Despite the achievement of cantilever-free SPM in facile fabrica-
tion, one of the remaining challenges is to design an efficient detec-
tion method to handle the overwhelming signals from a massively
parallel probe array. Under the limited capacity of a detection
system, increasing the number of probes causes a trade-off with the
imaging rate and resolving power of an individual probe'” and even-
tually negates the merits of parallel measurements. In this stage, the
scalability of cantilever-free SPM is much smaller than that of
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cantilever-free SPL owing to the limitation of the detection system.'®
Consequently, realizing massively parallel cantilever-free SPM
demands an efficient imaging mechanism that allows both high pre-
cision and wide bandwidth of the detection system.

In this communication, we present a cantilever-free imaging
mechanism adopting radio frequency (RF) reflectometry. RF reflec-
tometry measurements detect the reflected signal at the resonance fre-
quency of the LCR circuit. This detection method provides a precise
electrical measurement using the sensitive change in reflectance near
the impedance matching point. High temporal resolution with a
bandwidth of a few MHz can be obtained by tuning the resonance fre-
quency of the LCR circuit. Using a carbon black-polydimethylsiloxane
(CB-PDMS) composite tip and the custom-built RF reflectometry
setup, we demonstrated the proof-of-concept system to investigate the
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feasibility of RF cantilever-free imaging for nanoscale topography
measurements with the potentially high-throughput detection system.

Il. RESULTS AND DISCUSSION

The concept of the imaging mechanism is depicted in
Fig. 1(a). The imaging mechanism is based on the contact resis-
tance between the conductive elastomeric tip and surface. When
the tip vertically scans the surface, the contact area of the elasto-
meric tip is determined by the height of the measured point, which
can be quantified through contact resistance. During the imaging
process, the tip repeats vertical scanning with a constant scanning
distance [Fig. 1(b)]. Then, the contact resistance of each point is
collected and reconstructed into the topography of the surface.
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FIG. 1. Concept of RF cantilever-free scanning probe microscopy. (a) Schematic illustration of radio frequency (RF) cantilever-free scanning probe microscopy.

(b) Principle of cantilever-free probe imaging based on contact resistance.
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To detect the contact resistance, we exploited RF reflectometry
measurement using the LCR impedance matching circuit. RF
reflectometry is an electrical measurement technique that detects
the impedance using the reflectance of a RF wave. RF reflectometry
offers sensitive, fast electrical detection and has been used for the
measurement of single electron transistors,’”” quantum dots,””’
and high-speed STM.”* The wide bandwidth of RF reflectometry is
potentially useful for constructing a high-capacity detection system
of massively parallel cantilever-free SPM arrays.

The basic principle of RF reflectometry relies on the power
transfer ratio, which is affected by the impedance of the RF source
and the LCR circuit. When the RF wave is transferred to the LCR
circuit, the reflectance can be expressed as follows:

I'=(ZL — Z)/(ZL + Zy), 1
where T, Z;, and Z, are the reflection coefficient, load impedance
of the LCR circuit, and output impedance of the RF source, respec-
tively. The maximal power transfer occurs with no reflection
(" = 0) at the impedance matching between the RF source and the
LCR circuit (Z; = Zp). The change in reflectance near the imped-
ance matching point provides a sensitive measurement of the
contact resistance of the tip. At the resonance frequency
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fres = 1/(22VLC), the impedance of the LCR circuit is given by
Z; = L/CRy;, without the imaginary part. By adjusting the induc-
tance L and capacitance C, the contact resistance of the tip is trans-
formed close to the impedance of the RF source (Z, = 50 ), and
the resonance frequency is approximately 150 MHz to provide a
wide bandwidth. The change in contact resistance is indirectly
detected through the reflectance at the resonance frequency.

Practically, the implementation of a contact resistance-based
imaging mechanism requires a cantilever-free elastomeric tip with
high electrical conductivity. To meet the material demands, we
used a conductive CB-PDMS composite to fabricate the tip. The
CB-PDMS composite exploits the percolation network of the con-
ductive CB particles to provide electrical conductivity in the elasto-
meric PDMS matrix. The density of the percolation network is
determined by the fraction of CB embedded in the PDMS matrix.
In our case, a high fraction of CB particles is desirable for high
conductivity and homogeneity of the composite.”””* Considering
the processability of the CB-PDMS resin limits the maximum frac-
tion of CB particles, thus we used a CB-PDMS composite with
25wt.% CB particles to achieve an electrical conductivity of
approximately 22 S/m according to previous research.””

Figure 2(a) shows the fabrication process of the conductive
elastomeric tip using the CB-PDMS composite. A silicon substrate

Glass

3. Fill CB-PDMS mixture 4. Cure with glass support

4 8 12 16
Contact depth (um)

20

FIG. 2. Carbon black-polydimethylsiloxane (CB-PDMS) tip. (a) Fabrication process of a CB-PDMS tip. (b) Scanning electron microscopy (SEM) images of the CB-PDMS
tip. The inset shows the optical microscopy image of the CB-PDMS tip. (c) Resistance depending on the contact depth between the CB-PDMS tip and the conductive

surface.
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was wet-etched to make a pyramid-shaped mold. The trench to
form the electrode line was defined by photolithography using a
SU-8 photoresist. The CB-PDMS resin was prepared by vigorous
mixing of PDMS (Dow corning, Sylgard 184) and CB particles
(Vulcan, XC-72R). The CB-PDMS resin was filled in the etched
silicon mold with the SU-8 trench, and then cured at 80 °C for 4h
with the glass support. A scanning electron microscopy (SEM)
image in Fig. 2(b) shows the pyramid-shaped CB-PDMS tip. While
the surface of the tip was slightly lumpy, the tip apex was approxi-
mately 2 um in diameter. The electrode line connected to the exter-
nal instrument was well-formed by the CB-PDMS composite [the
inset of Fig. 2(b)].

We investigated the contact resistance at the contact depth
between the CB-PDMS tip and Au-coated Si wafer [Fig. 2(c)]. In
the early stage of contact, the CB-PDMS tip exhibited a high
contact resistance of approximately 1 GQ [the inset of Fig. 2(c)].
This insulator-like behavior of the CB-PDMS tip at a low contact
depth, ie., a small contact area, is attributed to the microscopic
inhomogeneity of the percolation path on the surface of the
CB-PDMS composite.”* At a contact depth of 4um, the contact
resistance decreased to 2.2 MQ, indicating sufficient conducting
sites on the tip apex. Subsequently, the contact resistance decreased
linearly as a function of the contact depth [Fig. 2(c)].

To implement RF reflectometry, we constructed the custom-
built measurement setup, as described in Fig. 3(a). The measure-
ment setup consisted of a tip, a printed circuit board (PCB), and an
external instrument. The tip-PCB contained the LC circuit and the
CB-PDMS tip as the resistor [Fig. 3(b)]. External instruments gen-
erated RF waves and demodulated the reflected signal. For the RF
reflectometry measurement, the RF wave was generated from a
function generator and then transferred to the LCR circuit on the
tip-PCB. Depending on the impedance of the LCR circuit, different
magnitudes of the RF wave were reflected to the demodulator com-
posed of a phase shifter, mixers, and low-pass filters. Two mixers
merged the reflected wave with two reference signals with a phase
difference of 90°. Finally, a low pass filter cuts the AC components
in the mixed signals, generating the outputs, V; and V,,, which are
expressed as follows:

Ve = (VR sin ¢)/2> (2)

Viy = (Vg cos ¢)/2, (3)

where Vi and ¢ are the reflectance and phase difference between
the reference signal and reflected signal, respectively. From the
output voltages V., and V,,, we calculated the reflectance Vi and
phase difference ¢.

The measurement frequency of the RF wave was determined
by the resonance frequency of the LCR circuit. We set the reso-
nance frequency of the LCR circuit to approximately 150 MHz by
means of the capacitance and inductance of the LCR circuit. We
used two varactors to adjust the LCR circuit in situ,”” which could
be needed owing to the deviation of the contact resistance and par-
asitic capacitance of the CB-PDMS tip. Figure 3(c) shows the
typical reflectance of the LCR circuit as a function of the frequency
measured by a network analyzer. When the CB-PDMS tip and

METHOD scitation.org/journalljap

conductive surface were in contact, the reflectance steeply
decreased. Then, the magnitude of the reflectance at the resonance
frequency decreased as a function of the contact depth (z).

This reflectance behavior of the LCR circuit was well-
reproduced in the custom-built RF reflectometry setup [the inset of
Fig. 3(c)]. The sudden change of phase in the RF reflectometry
measurement indicates that the resonance frequency of the LCR
circuit corresponded to the low reflectance at that frequency. The
bandwidth of the LCR circuit was approximately 8.5 MHz as the
full width at half maximum, which ideally provides a fast measure-
ment time. However, the practical measurement rate is limited to
5 Hz due to the slow moving speed of the tip and the data acquisi-
tion time of the control PC. This wide bandwidth of RF reflectome-
try is potentially beneficial to detect the signals from massively
parallel probe arrays. Figure 3(d) shows the RF reflectometry mea-
surement at the resonance frequency as the response of the vertical
movement of the CB-PDMS tip near a contact depth of 5um. The
reflectance can distinguish 20 nm steps of the vertical movement of
the CB-PDMS tip. The precision of the signal was 1.5 x 10™* as the
root mean square of the flat region. This result validates the high-
precision electrical detection of the RF reflectometry measurement
for cantilever-free imaging.

Finally, we measured the line profiling of the test sample to
demonstrate contact resistance-based cantilever-free imaging using
RF reflectometry. The test samples were prepared by etching a SiO,
layer on a Si wafer, followed by thermal evaporation of a
50 nm-thick Au film with a 5 nm-thick Ti adhesion layer. The line
profile of the test sample was measured by repeating vertical scan-
ning at a constant scanning distance along the feature. The RF
reflectance of each measured point was detected at the end of a ver-
tical scanning distance of 5um. Note that the measurement rate of
the prototyping SPM system is much slower than the capability of
the detection system due to the limited moving speed of the tip
and the data acquisition time of the control PC. These steps take
0.1 s to move the tip and 0.1 s to collect and process the signal per
each point, and therefore, the practical measurement rate is up to
5Hz. Although we have demonstrated a simple proof-of-concept,
the wide bandwidth of the detection system can be fully utilized
with a massively parallel probe array and a developed control
system in future works.

Figure 4(a) shows the line profiles of 2um-height features
measured by RF cantilever-free imaging. The measurement exhib-
ited a clear 2 um step of the feature, which was well reproduced in
three measurements. The precision of the measurement was
210 nm as the root mean square of the flat region. The vertical res-
olution of our imaging mechanism allows the resolution of
sub-micrometer-scale features with a height of 230nm with a
precision of 83nm as the root mean square of the flat region
[Fig. 4(b)]. These results indicate the successful performance of our
device in providing high-resolution cantilever-free imaging. We
note that the resolution of the line profile was lower than the preci-
sion of the vertical movement measurement in Fig. 3(d). For the
line profile measurement, the deviation in the individual vertical
scanning affects the resolution. We speculate that the conductivity
of the CB-PDMS composite itself varied upon each vertical scan-
ning due to the deformation of the tip, which further deteriorated
the precision of line profile measurement.
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FIG. 3. RF reflectometry measurement setup. (a) Schematic diagram of a RF reflectometry measurement setup. (b) Photograph of a CB-PDMS tip attached to a LCR
circuit printed circuit board (PCB). (c) Relative magnitude of reflectance from the LCR resonance circuit as a function of frequency measured by a network analyzer. The
inset shows the relative magnitude and phase difference of the reflected signal measured by the RF reflectometry measurement setup depicted in Fig. 3(a). (d) Reflected
signal as a response of the vertical movement of the CB-PDMS tip.

RF cantilever-free imaging exhibited high resolving power in approximately 5um, the contact area of the measurement was

the vertical direction, but the line profiles had a gradual slope of
features, in contrast to the results of the AFM measurement [the
inset of Fig. 4(a) and broken line in Fig. 4(b)]. Similar to other tip-
based imaging mechanisms, this artifact originated from the blunt
tip apex. Due to the long vertical scanning distance of

approximately 7 x 7 um?, which would be applicable to the investi-
gation of sheet-like specimens.”*™*” We would like to note that the
deformation of the elastomeric CB-PDMS tip itself can reduce the
contact force applied to the sample.'>”” The contact deformation
of the sample by a PDMS-based tip is not severe if Young’s
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FIG. 4. Line profiling. (a) Line profile of a 2um-height feature measured by a RF reflectometry measurement. The inset shows an atomic force microscopy (AFM)

measurement of a feature. (b) Line profile of a 230 nm-deep trench.

modulus of the sample is higher than 1 GPa, such as typical hard
polymers, ceramics, and metals.'” Moreover, the contact force would
be further reduced by decreasing the crosslinker ratio of PDMS for
soft specimens. Regarding the resolution, we expect that the contact
area of the tip could be reduced by selecting a tip material with
better surface conductance homogeneity, such as conductive
polymer’' and ionic hydrogel’” in future studies. In addition,
increasing the sharpness of the tip through the oxidation sharpening
technique of Si mold™ can further improve the lateral resolution.

11l. CONCLUSIONS

We have presented the cantilever-free imaging mechanism
adopting the RF reflectometry measurement. The imaging mecha-
nism exploits the change in the contact resistance between the elas-
tomeric conductive tip and conductive surface to measure the
height of the feature. The RF reflectometry measurement enabled
highly sensitive detection of the contact resistance and achieved
nanoscale topography measurements. To demonstrate the feasibility
of the imaging mechanism, we fabricated the CB-PDMS tip and
constructed the RF reflectometry setup. We obtained a vertical res-
olution of 230 nm and potential bandwidth of the detection system
of approximately 8.5 MHz. Our contact resistance-based imaging
system offers advantages over conventional scanning probe micros-
copy in terms of facile tip fabrication and a simple working mecha-
nism that does not require a feedback system, and therefore, can be
easily multiplexed into parallel measurement. Importantly, the high
precision and wide bandwidth through RF reflectometry are poten-
tially useful to operate massively parallel cantilever-free SPM,
although the proof-of-concept of single-tip imaging was demon-
strated at this stage. We would like to note that there are several
remaining challenges. First, a conductive elastomer with high
spatial homogeneity is needed to achieve nanoscale resolution in
the lateral direction as the minimum contact area to make the con-
ducting path determines the lateral resolution. Second, the

multiplexing technique of RF reflectometry should be investigated
to operate massively parallel probe arrays practically. Further
advances in these issues will pave the way for a cantilever-free SPM
technique with both high resolution and throughput.
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