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Abstract

Scanning probe microscopies typically rely on the high-precision positioning of a nanoscale
probe in order to gain local information about the properties of a sample. At a given location,
the probe is used to interrogate a minute region of the sample, often relying on dynamical
sensing for improved accuracy. This is the case for most force-based measurements in atomic
force microscopy (AFM) where sensing occurs with a tip oscillating vertically, typically in the
kHz to MHz frequency regime. While this approach is ideal for many applications, restricting
dynamical sensing to only one direction (vertical) can become a serious limitation when aiming
to quantify the properties of inherently 3-dimensional systems such as a liquid near a wall.
Here, we present the design, fabrication and calibration of a miniature high-speed scanner able
to apply controlled fast and directional in-plane vibrations with sub-nanometre precision. The
scanner has a resonance frequency of ~35 kHz and is used in conjunction with traditional AFM
to augment the measurement capabilities. We illustrate its capabilities at a solid-liquid interface
where we use it to quantify the preferred lateral flow direction of the liquid around every
sample location. The AFM can simultaneously acquire high-resolution images of the interface
which can be superimposed with the directional measurements. Examples of sub-nanometre
measurements conducted with the new scanner are also presented.



Introduction

Nano-positioning systems have a wide range of applications in micro- and nano-technologies,
from MEMS [1] , to the nano-manipulation of samples [2] and lithographic applications [3].
Part of the drive for the developments of nano-actuators and positioning system comes from
the advent of scanning probe microscopies [4-6] (SPM) where a nanoscale probe is used to
quantify various properties of a given sample locally as it travels across the sample’s surface
[7-9] . In most systems, lateral positioning of the probe is carried out by piezo actuators
mounted in a dedicated scanner. The scanner is able to move the probe in all directions with
respect to the sample, with modern systems achieving routinely sub-angstrom positioning
precision [10-13]. Scanning probe microscopies often conduct measurements dynamically to
improve accuracy or access information otherwise not available such as time-dependent
quantities. A typical example is the vibrating tip often used in atomic force microscopy (AFM)
to probe the topography and the mechanical properties of a given sample, often with atomic-
or molecular-level resolution [7,14-17] . AFM has been emerged as a tool of choice for
visualizing, characterizing and manipulating samples at the nanoscale [18-21] , also in the
liquid environment thanks to its ability to function with non-conducting samples [17,22-30].
In AFM measurements, the nano-sharp tip is mounted on a flexible cantilever which deflection
is used to quantify the force experienced by the tip. Dynamical measurements are typically
achieved by actively vibrating the cantilever, often at one of its eigenmode for increased
sensitivity to tip-sample interactions [19,31-33]. Any change in the vibration amplitude,
frequency and phase are quantified with a lock-in amplifier. Due to the use of a cantilever, the
tip oscillation is mainly limited to a vertical or torsional motion. In all cases, the dynamic
sensing is inherently unidirectional, determined by the geometry of the cantilever’s vibration.

While sufficient for many applications, this unidirectional sensing can become a serious
limitation when investigating intrinsically 3-dimensional systems: samples where the relevant
properties in each direction are independent from each other, or only lightly coupled. This is
often the characteristic of soft materials or liquid samples. For example, when considering a
liquid near a wall, a vertically vibrating tip can only probe changes in the liquid’s nanoscale
viscoelastic behaviour perpendicular to the wall [22,34-36]. This is arguably the less relevant
information with no possibility to quantify the properties of the flow parallel to the wall [37-
42]. Even in solid systems, it is sometimes useful to probe interactions that are not necessarily
perpendicular to the surface, but rather along a set arbitrary direction [43].

Currently, multidirectional probing is highly challenging due to the inherently unidirectional
geometry of standard AFM cantilevers. Overcoming this limitation can be achieved by adding
a lateral component the otherwise purely vertical vibration of the tip, with the lateral oscillation
being set in any desired direction within the horizontal plane (i.e. perpendicular to the vertical
tip oscillation). In this manner, the composed motion of the vibrating tip is effectively 3-
dimensional, along a set direction. This could in principle be achieved with a standard XY
scanner by imposing a small directional oscillation at the desired frequency around the set tip
position. However, to be meaningful, the oscillation would have to be comparable in frequency
and amplitude to the vertical tip oscillation which typically ranges from tens to hundreds of



kilohertz. Operating a scanner at such high frequencies is far from trivial due to the scanner
inertia, intrinsic resonances, and the heat dissipation of the piezo elements. A typical modern
SPM scanner exhibits resonances between 2kHz and 10kHz. There are hence considerable
research efforts to improve the speed of operation, the measurement precision and bandwidth
[44-50], with video-rate AFMs measurements are now possible, also in solution [51-58]. To
date, existing solutions are still too slow for the frequencies of interest here (>20kHz), partly
because the emphasis is placed on accurate positioning over several microns instead of the
small (<10 nm) amplitudes needed here.

In order to tackle this challenge, we develop a fast 2D flexure-based actuator stage capable of
operating at frequencies of up to 40 kHz over amplitudes < 5 nm and able to carry a typical
AFM sample (Fig. 1).

v

La ser77

AFM cantilever and tip \

Sample

High-frequency
scanner

Standard AFM scanner

Figure 1: Schematic representation of the high-frequency actuator stage developed in this paper for directional
dynamical sensing. The stage is intended for operation in conjunction with a standard AFM 3-dimensional scanner
with the motions of the stage and the scanner being additive.

This high-frequency actuator stage (hereafter referred to as the high-frequency stage, HF-stage,
for clarity) is designed small enough to fit directly on top of a standard AFM scanner so as to
add a fast, directional oscillation to the normal raster motion of the standard scanner (Fig. 1).
The emphasis is placed on high-frequency operation and compactness to fit easily onto
commercial AFM scanners in order to augment their capabilities. To optimise the design of the
HF-stage and identify the optimum material and geometrical parameters, we extensively used
finite elements analysis (FEA) with the ANSYS software (Ansys Inc, Pittsburgh, USA). The
physical stage was built based on the simulations, calibrated and its performance assessed
against the theoretical predictions. Since the HF-stage is intended for working in conjunction
with AFM, we also investigate the stage’s impact on imaging resolution and noise under typical
operation conditions. Finally, we briefly illustrate the measurement capabilities of the HF-stage
by using it to derive directional flow map of aqueous solutions at the interface with graphene
oxide.

The emphasis of the paper is on placed on the development and characterisation of this HF-
stage. Integrating the stage into AFM measurements so as to derive meaningful information
can require further developments in terms of synchronisation with the AFM and data analysis
and is presented elsewhere in details [59].



Results

1. Design and development of the high-frequency flexure-based XY stage

In order to develop an actuating stage able to function reliably at high frequencies it is
necessary to take into account several limiting factors such as (i) the dynamic behaviour of the
actuator, (ii) the bandwidth of the driving amplifier, (iii) the bandwidth of the feedback control
system and (iv) the speed of the data acquisition system [48,51,60]. Several studies have
improved the AFM technology to compensate for these limitations [45,47,49,60-70], but not
at such high frequencies of interest here. Examples include the introduction of fast actuators
with advanced feed-forward control techniques [48,66,68,70,71]. The design and assembly of
the actuators is also an important point to consider, for example using mechanically stiff and
compact stages help minimise the need for advanced motion correction [47,48,60,69], in
particular for high speed nanopositioning [13,63-65,72,73]. Piezoelectric-based actuators are
commonly used in scanning probe microscopes [11,46,51,70] owing to their high speed,
compact size, high intrinsic stiffness, lack of internal friction on displacement, and high
positioning resolution. Scanners are typically constructed from either piezoelectric tube
actuators [10,11], shear piezo actuator or piezoelectric stack actuators [49]. Tube scanners,
although frequently used in conventional AFM scanners, have a low resonance frequency and
are hence not suitable for high-speed actuation. In contrast shear piezo offers a compact design
with a high mechanical resonance and bandwidth operation, although at the cost of the
displacement range [51]. The latter can be improved using a stacked design that results in a
better voltage-to-displacement ratio, but at the cost of a coupling between later and vertical
motion.
Once suitable piezos are selected, they are assembled into the scanner. Different designs for
high-speed scanners have been proposed [49,74-76] for instance counterbalanced scanner [65],
micro-resonator scan stages [68] and flexure-based scanners [49,75,76]. Flexure-based
scanners offer the advantage of high mechanical resonances and low cross coupling [77]. The
absence of moving and sliding joints in flexure-based stage design can eliminate the problems
related to wear, backlash and friction [11,77-79]. Moreover, flexure-guided mechanism also
offer the advantage of using monolithic material without any assembly of links and joints [77].
Here, the main objectives of our design are:
- High resonance frequency for a small displacement (typically <10 nm) so as to produce
modulated sinusoidal motion of comparable amplitude in both the X and Y directions.
- Compact design with dimensions of less than 16 mm length and width and 3 mm height to
fit in most existing commercial AFMs.
- The HF-stage should be rigid and as light as possible to accommodate various types of
samples while limiting the impact of inertia due to the added mass.
Flexures in nanopositioning stage provide motion in the desired directions through elastic
deformation of the stage [51,78]. Here, four piezoelectric stack actuators are used to drive the
motion of the flexure-based HF-stage’s X and Y axis. While it is not necessary to use four
actuators, it provides us with a simple mean to drive and probe the stage simultaneously. We



use beam-like flexures to guide the stage along the direction of the actuator motion. The piezo
elements are usually glued on or clamped tightly on a stage. Here we glued them to the stage
using two component epoxy resin (Araldite Standard, Huntsman Advanced Materials, Basel,
Switzerland). The HF-stage should also be electrically insulated since aimed for work in liquid,
and with suitable thermal sinks for dissipating the operation-induced heating. Resin was
therefore also used to cover and insulate the electrical contacts. A schematic representation the
retained HF-stage design is given in Fig. 2, from the ANSYS analysis.
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Figure 2. Detail plans of the HF-stage with top (a) and side (b) views. The sizes of the different features are given
in metric units. (c) 3D-rendering of the stage design. (d) and (e) represent Finite Elements simulation and stiffness
estimation of the XY scanner for Aluminium Alloy along the x and y directions respectively. The colour scale
represents the degree of deformation across the HF-stage during operation as calculated by ANSYS (arbitrary
units).

To find a suitable compromise between resonance frequency and travel range, we used the
finite element method. The numerical simulation, design optimisation and characterisation of
the HF-stage dynamics behaviour were carried out using ANSY'S with several design iterations
to reach the stated objectives. The optimum values for thickness, width and length of flexures
are 2.5 mm, 0.5 mm and 2 mm, respectively. Fig. 2b shows the graphical representation of the
X and Y motions of the stage simulated with ANSYS (131537 nodes and 84667 elements).
Since the resonance frequency of the HF-stage is dependent on the type of the material used
we investigated several common materials for the stage body [65]. The ANSYS predictions for



the X, Y resonance frequencies, stiffness and weight of stage for each material are given in
Table 1.

Table 1. ANSYS predictions for the HF-stage X and Y axes resonance frequency f, ,,, mass and stiffness k,,,
considering different body materials.

Material fry (kHz) | mass(g) k., (N/pum)
Structural Steel 343 1.96 22.1

Stainless Steel 33.9 1.93 21.4
Aluminium Alloy 34.7 0.69 7.9

Copper Alloy 25.0 2.07 12.3

The total resonance frequency of the combined flexure-based stage with piezoelectric actuator
can be modelled as mass-spring system, in series with the stage in each direction. The natural
resonance frequency of the combined system can be approximated as [78,79]:

-1 /ﬂ
f_ZTr Ms+Mp /2 (1)

where k;is the effective stiffness of all flexures, k,, is the stiffness of piezo actuator, M; is the
mass of the stage, and M,,/2 approximates the mass contribution of the moving piezoelectric

actuator. The travel range of the stage is obtained by [78]:
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where L is the unloaded travel range of the piezoelectric actuator. The X and Y resonance
frequencies of combined flexure-based stage and piezoelectric actuator based on the stiffness
and mass of piezo actuator are shown in Fig. 3. For lighter and stiffer piezo actuator, the total
frequency can increase to ~90 kHz for structural steel, stainless steel and copper alloy materials
and ~150 kHz for aluminium alloy. Generally, choosing light and stiff piezo actuator leads to
the increase of total frequency of the combined stage with piezo actuator, as expected.
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Figure 3. Mechanical resonance frequencies of the combined stage with piezo actuator in relation of mass and
stiffness of piezo actuator for different materials simulated with ANSYS. The results are shown for (a) structural
steel, (b) stainless steel, (¢) aluminium alloy, and (d) copper alloy.

The proportional ratios of stage motion to the piezo travel range is shown in Fig. 4 for the
different materials as a function of mass and stiffness of the piezo actuator. From Fig. 4, it is
immediately clear that stiffer piezo offers a longer travel range. Also, the travel range for the
aluminium alloy stage is larger than for the other materials.
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Figure 4. Proportional travel range ratio of combined stage with piezo actuator in relation to the mass and stiffness
of piezo actuator for different body materials, as simulated with ANYSIS. The results are presented for (a)
structural steel, (b) stainless steel, (c) aluminium alloy, and (d) copper alloy.

Based on these results, we selected the aluminium alloy to construct the HF-stage. We also
note that if to achieve a resonance frequency of ~100 kHz we need piezo actuators with a
stiffness >50 N/um and as light as possible.

2. Fabrication, testing and characterization of the nanopositioner

Using the design results predicted by ANSYS, the HF-stage was fabricated using Al 7075 alloy
with a thickness of 2.5 mm using standard CNC milling. Fig. 5 shows the final product,
including with a sample mounted on a thin 10 mm diameter steel disc. Given the relatively
high operation frequencies of the stage, it is crucial for the sample to be attached tightly and
stiffly to the stage so as to follow its movements. Here this was achieved by gluing the sample
onto the scanner using a relatively low surface tension epoxy which (Epo-Tek 353ND,
Billerica, MA, USA) to allow for a binding layer as thin as possible. The mass of the samples
used was always well below 1 g, including the steel disc. A British one-pound (£1) coin is
shown to illustrate the size of the miniature scanner. Actuation of the stage is ensured by four
piezoelectric stack actuators (miniature multilayer piezo actuators PL022.3x PICMA, Physik
Instrumente, Karlsruhe, Germany). The blocking force of the piezos is rated at 120 N, the
maximum travel range is 2.2 um, the operating voltage range is between -20 to 100 V and the
piezos axial resonance frequency is above 600 kHz. The piezo actuators are glued in place with
epoxy resin (Araldite Standard, Basel, Switzerland) and driven directly through a Data



Acquisition Board with BNC terminations (NI USB-6366, X Series DAQ Device, National
Instruments, Austin, TX, USA) by a program created in the software Labview (National
Instruments, Austin, TX, USA). Since the HF-stage is designed for small amplitude lateral
oscillations, the voltages applied to the piezo actuators rarely exceed 1-2 V, bypassing the need
for an amplifier. To test the performance of the HF-stage, we need to experimentally verify its
natural frequency and its displacement, and assess the accuracy of its nano-positioning at
different frequencies and amplitudes for a set desired motion. To characterise the frequency
response of the HF-stage to a given drive signal, the desired signal is applied to two of the
piezoelectric stack actuators along the X and Y directions, with the counter piezo elements
used as sensor to measure the resulting displacement and its relative amplitude.

12 mm

Figure 5. Picture of the finished flexural scanner with the 4 piezo elements highlighted with blue arrows (a) and
a typical AFM sample mounted on the scanner (b). For comparison, a £1 British coin (c) is shown to scale.
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Figure 6: Frequency characterisation of the HF-stage. When a random noise is applied to one of the piezo
actuators (a), its counter piezo reveals hint of a resonance around 35 kHz (b). The same experiment carried out
with a sinusoidal 1 Hz, 4V input evidences the resonance in direct (counter piezo, ¢) and cross (cross piezo, d)
configurations, with a cross-coupling about -35 dB lower than the direct axis.



To characterise the frequency response of the HF-stage, a random noise was applied to one of
the piezo-stack actuators as input (Fig. 6a), and its effect measured on its counter-piezo (Fig.
6b). The random noise signal (4 V amplitude) was generated using Labview and fed through a
data acquisition system (DAQ). The first resonant peak of the stage is observed at around 35
kHz at both axes, in agreement with ANSY'S simulation results. A better characterisation of
the HF-stage’s resonance and cross-coupling between its perpendicular axes can be obtained
by driving a piezo stack actuator with a low frequency sinusoidal signal (1 Hz, 4 V amplitude)
and measuring the spectral output of the counter (Fig. 6¢) and cross (Fig. 6d) piezo. As visible
from Fig. 6¢c the first resonance frequency of the HF-stage lies around 35 kHz and the
magnitude of the cross-coupling term is about -35 dB less than for direct coupling (Fig. 6d).
Overall the discrepancy between finite element analysis predictions and the measured
resonance is less than 5%.

Dynamic response characterisation

Since the purpose of the HF-stage is to operate at high frequencies, we evaluated the stage’s
performance in tracking a simple sinusoidal signal with 1 kHz frequency and 1 (V) amplitude
(Fig. 7). It is immediate from Fig. 7 that the stage follows the input without problem or added
noise, except at the resonance (Fig. 7, dashed line).
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Figure 7: Stage operation at 1 kHz, 1 V input (up). The measured frequency response of the stage tracks the signal
accurately with a faint peak around the stage’s resonance frequency (dashed vertical line). The solid lines represent
a 2-pass binomial smoothing of the raw data (lighter background).

In reality, the planned dynamic operation of the HF-stage is more complex, with modulated
oscillations in the X and Y directions to probe every in-plane direction around a given location.
In a standard dynamical AFM measurement, the probe oscillates vertically around a given
location and with small oscillations (<1 nm) in order to achieve satisfactory spatial accuracy.
Here, the same principle holds with the HF-stage used to impose a small directional lateral (in-
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plane) oscillation around the probe’s location. The location itself is set by positioning with the
standard AFM scanner (Fig. 1). The frequency, amplitude and direction of the HF-stage’s
oscillation is determined by the sinusoidal signals imposed to the X and Y piezo stacks with
the motions in both directions adding up geometrically. A same high frequency is used for both
directions, and the total amplitude of the oscillation is simply the geometrical average of the
amplitudes Ay and Ay. To probe a set direction, the phase between the X and Y oscillations
must be kept to zero (or w). In practice, it is useful to probe all the possible lateral directions at
a given location. This can be achieved using modulated X and Y oscillations. The faster
oscillation (frequency Vgy,eep) imposes a rapid lateral sweep of the tip along a given direction.

The slower oscillation (frequency V,,tex) progressively changes the direction of the sweep,
systematically exploring all the possible in-plane directions over its period (see reference [59]
for more details). The lateral velocity of the tip with respect to the sample, needs to be
comparable to that of the vertical tip motion to derive meaningful data. This approach, called
‘vortex’ scanning, was successfully used recently to probe the flow patterns of liquids at
interfaces[59]. With this in mind, a modulated sinusoidal signal was applied to the piezo
actuators while tracking the motion of stage with the counter piezo. Here, the high frequency
‘sweep’ signal is a sinusoidal at 20 kHz with the ‘vortex’ modulation sinusoidal set at 1 kHz
and 1 V amplitude (Fig. 8a). Due to the modulated frequency two spectral peaks are visible at
19 kHz and 21 kHz demonstrating that the HF-stage can provide the desired motion. This is
confirmed in the time domain with the stage following faithfully the input modulated
oscillation (Fig. 8b).
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Figure 8: Frequency response of the stage to 20 kHz sinusoidal signal modulated by a 1 kHz, 1V sinusoidal. The
response is shown in the frequency (left) and temporal (right) domains, with in both cases the signal imposed on
the stack piezo (up) and the stage response (bottom). In the frequency domain, the solid lines represent a 2-pass
binomial smoothing of the raw data (lighter background).
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3. Calibration of the HF-stage

Calibration of the HF-stage is a fundamental step to determine the true amplitude of the
oscillation along X and Y axis. This information is key to control the direction of any
displacement and its amplitude. Given the intrinsic variability in the voltage-induced
displacement of the piezo crystals, a calibration has to be carried every time the nanopositioner
is updated or a crystal replaced. Two calibration methods have been applied: the first method
uses a commercial AFM calibration grid for a rapid but relatively low accuracy calibration,
and the second method uses the lattice of muscovite mica (0.5 nm) for a finer precision
calibration. All the experiments and results presented in this paper were obtained with a Cypher
ES AFM (Asylum Research, Oxford Instruments, Santa Barbara, USA) equipped with
photothermal tip excitation. The choice of the Cypher as a test AFM is motivated by the
relatively small sample space available which illustrates the versatility of the HF stage.

Calibration method 1

Imaging of the pitch’s edge of a calibration grid is done using the AFM standard imaging mode.
By placing the grid so that the pitch appears vertical in the image, the edge makes a straight
line that acts as reference. The HF-stage is then used to add a perpendicular sinusoidal
oscillation with low frequencies (1-10 Hz) and different voltage amplitudes to allow direct
visualisation of the associated displacement (Fig. 9). When the stage unidirectional motion is
switched ON, the grid’s edge appears as a sawtooth pattern which amplitude is that of the HF-
stage motion. The process has to be carried out separately for both the X and Y axis of the
stage, rotating the calibration grid by 90 degrees in-between.
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Figure 9: Example of calibration using a standard calibration grid. While the AFM scans the step-edge of the
grid, the HF- stage is switched ON, operating with a unidirectional sinusoidal motion in the direction
perpendicular to the step edge (horizontal here). At low frequencies, this results in the edge appearing as a
sawtooth pattern which amplitude is that of the stage oscillation motion (distance between dashed black lines in
inset). The process is illustrated here at 1 Hz (a) and 10 Hz (b). The regions highlighted in light blue indicate the
part of the image where the stage is ON. From this figure, a calibration of 5.13 nm / Volt is derived for the HF-
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stage. Both images are amplitude images for better contrast on the step-edge. No image processing has been
applied.

Calibration method 2

For finer calibration of the HF-stage displacement, the stage can be used as an AFM scanner
over a mica sample. This is achieved by operating the AFM normally for imaging, but with an
image scan size set to 0 and only the HF-stage operating. Having the stage and acquisition
frequencies synchronized, the actual captured image is the result of the nanopositioner line
scan along the axis of interest. The image is then formed by a succession of profiles taken over
the mica lattice. Here the data is acquired in a 10 mM KCl solution (Fig. 10) with the horizontal
x axis taken as a reference for the calibration, while the y axis is not real spatial data. A
distortion is visible in Fig. 10 due to an imperfect synchronization between the AFM
acquisition software and the oscillation of the stage, the two working independently.

0.2V

Figure 10: Representative topographic image used for the stage calibration using the mica lattice as a reference.
The HF-stage oscillation provides the movement along x axis, with the data acquired by the AFM software.
Imperfect synchronization between the stage oscillations and the acquisition software causes distortions between
the lines, and calibration profiles are selected in the less distorted regions (white profile line). From the mica
periodicity, a fine calibration of 5.67 nm / Volt is found for small (<10 nm) amplitudes. Here the HF-stage
oscillation is driven at 1 V peak to peak with 6 Hz frequency. The colour scale represents a total height variation
of 0.2 nm. No image processing has been applied apart for tilt correction (line flattening).

4. Operation in conjunction with AFM: possibilities, limitations and resolution
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In order for the HF-stage to function effectively for lateral dynamic sensing, its oscillations
should have a minimal impact on the AFM spatial resolution. In typical AFM applications,
dynamical sensing with a vibrating cantilever is carried out using small amplitude (<1 nm)
oscillations. Here, if applying directional lateral oscillations of comparable amplitude, we
expect the imaging resolution of the AFM to be minimally affected.
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Figure 11: Evaluation of the impact of the HF-stage on the AFM high resolution capabilities in liquid when used
in vortex mode. A commercial RC 800PSA (Olympus, Japan) with eigen frequencies in water of 15.6 kHz (1%)
and 120 kHz (2") is used for all the images, operated in amplitude modulation. The stage is switched ON in vortex
mode in the central part of the image only (between dashed lines) to offer some comparison. When the cantilever
is driven on mica at its first eigenfrequency (a, b), high resolution is possible with a stage oscillation amplitude of
0.1 Vpp (~0.5 nm) except at the frequency of the eigenmode driven. When operating the cantilever at its second
eigenmode (c), high resolution can be preserved with larger applied voltages (0.5 Vpp) but it deteriorates again
when reaching the driving frequency of the cantilever. The same result can be obtained on soft purple membranes
of halobacterium salinarium (d), here with the cantilever operated at its first eigenmode.
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To test this hypothesis, we acquired AFM high resolution images in amplitude modulation, and
switched ON the HF-stage only for the central region of the AFM image so as to allow for a
direct comparison of the stage’s impact on the imaging resolution. When ON, the stage is
working in ‘vortex’ mode [59], with a fast oscillation (frequency Vg eep) modulated by a
slower oscillation (frequency V,,tex) applied to both the X and Y stage directions with a
defined phase difference. In vortex mode, the faster frequency carries out the dynamical lateral
sensing and its magnitude is comparable to the cantilever vertical vibration frequency. The
slower modulation (Vy,,,tex) 1S Used to systematically probe all the lateral directions at a given
location by progressively changing the angle of the lateral sweep until it has completed a full
revolution (the vortex) over a period of 1/v,,p,¢ex [59]. To test the suitability of the HF-stage
for vortex scanning, Vg,eep Was varied systematically across frequencies, below, at, and above
the resonance of the AFM cantilever. Figure 11 shows high resolutions images in liquid
acquired on mica (Fig. 11a-b) and purple membranes (Fig. 11d) with V4,0, = 750 — 1000 Hz
and Vgyeep varying between 6 kHz and 40.5 kHz with an amplitude of ~0.5 nm peak to peak.
Mica is ideal to test atomic-level resolution on hard samples [22,80,81] whereas the
bacteriorhodopsin trimers of purple membranes offer the equivalent for soft interfaces [81-85].
On both samples, high resolution is maintained for vg,,ee, below and above the cantilever’s
resonance, with the apparition of noise when vg,.¢, is exactly at the resonance. This is to be
expected due to some coupling between the lateral and vertical oscillations through the liquid.
When vyy,cep matches the cantilever’s resonance, the vertical oscillation is stimulated, but the
coupling depends on the geometry of the system making it difficult to derive any reliable lateral
information. Due to the relatively low resonance of most cantilevers in liquid, this can be
limiting for using higher vgy.ep frequencies with the risk of stimulating higher eigenmodes of
the cantilever. We therefore tested the same vortex operation but with the cantilever vibrating
at its second eigenmode (Fig. 11c¢). Better resolution is achieved with the second eigenmode,
potentially widening the operational possibilities of the system. Noise issues become less
important even when Vg, matches the frequency of the first eigenmode and for higher
oscillation amplitudes (Fig. 11c). However, noise flares up again when Vg, matches the

frequency of the second eigenmode driving the cantilever.

5. Example of successful measurement

To demonstrate the capabilities of the HF-stage in augmenting standard AFM measurements,
we used it in vortex mode to map the preferred flow directions adopted by different aqueous
solutions at the surface of graphite (Highly Ordered Pyrolytic Graphite, HOPG) and graphene
oxide (GO) at the nanoscale. A detailed discussion of this analysis, its implications together
with further results is given elsewhere [59].

In short, the idea is to exploit the fact that when the AFM tip moves across or through the
interfacial liquid and pushes the liquid molecules, the resistance it experiences is related to the
molecules’ ability to move along the solid’s surface [86]. In aqueous solutions, there is a direct
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relationship between the energy needed to displace the liquid molecules located immediately
under the tip and the local affinity of the liquid for the solid [87].

Practically, this is achieved here by operating the AFM in amplitude modulation while using
the HF-stage in a vortex mode of operation to explore the resistance of the fluid along each
direction for each pixel of the AFM image. The relative resistance of the fluid in a given
direction is obtained from the energy dissipation associated with the tip vertical oscillation
while the stage oscillates laterally along the direction of interest [86]. Here, because we are
operating the AFM in amplitude modulation, changes in energy dissipation can be measured
from changes in the tip oscillation’s phase [19,22,88,89] but the approach can be achieved an
any mode where the local dissipation can be measured [90].

The method is used here to investigate the flow of aqueous solutions containing KCl and MgCl
at the interface with GO flakes. K* and Mg?* are well-known to behave differently when sieved
trough membranes composed of stacked GO sheets [91,92], a behaviour explained by
differences in the ions’ hydration structures when moving along the interface with GO [93-95].
The results (Fig. 12), show measurements conducted consecutively in solutions containing KCl
and MgCl> with a same tip, on a same GO flake adsorbed onto an HOPG substrate. In each
solution four results are presented: the topographic image (Fig 12 (a) for KCl and (g) for
MgCl,), the associated phase image standard to amplitude modulation AFM ((b) for KCI and
(h) for MgCl,), a quantitative directionality image indicating the relative importance of a
possible directional flow at every location of the surface ((d) for KCI and (j) for MgCl), and
the preferred angle associated with this flow ((e) for KCI and (k) for MgCl,). The vortex
scanning is switched ON only in the lower part of each image to allow for comparison. In the
topography, the GO flake appears slightly higher than the HOPG background. This is
confirmed by the phase contrast between both materials with the GO appearing darker (Fig. 12
(b) and (h)). This is expected since the phase is linked to the interfacial energy dissipation and
hence sensitive to the local flow dynamics. In KClI, this is also visible in the directionality (Fig.
12 (d), up) with marginally higher values observed on HOPG compared to GO, reflecting a
higher lateral flow of the solution over the HOPG, albeit in random directions due to local
fluctuations. To better quantify the differences in preferential flow angles between GO and
HOPG, the phase information was used to create a mask that objectively distinguishes GO and
HOPG and angle probability distributions were calculated on both regions ((c) for KCI and (i)
for MgCl,). The measurements on HOPG are expected to be direction independent due to the
large slip length of the aqueous solution [86] and can hence serve as a reference to discount
experimental bias coming from geometrical factors (tip shape, sample tilt, imperfect oscillation
axis) and chemical inhomogeneities on the tip [96]. In KCI, no clear difference can be seen
between the angle distributions obtained on HOPG and GO (Fig 12 (¢)) indicating the absence
of a quantifiable preferential flow direction in KCI when taking the ratio of the two distributions
(Fig 12 (f)). Both distributions still indicate a preferred angle of ~20°, revealing the extent of
the experimental bias.

In MgCla, the same measurement shows a slight increase in directionality over the GO flake
(Fig (d)). This in itself indicates a difference in the interfacial behaviour of the solution
compared to KCI. The preferential angle analysis (Fig. 12 (1)) shows settle differences between
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the two angle distributions which ratio reveals two distinct maxima at ~120° from each other
(Fig. 12 (1)) and aligned with the edge of the GO flake (purple arrows in (g)). This suggests a
correlation between the preferential flow directions and the lattice orientation of the GO.
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Figure 12: Measurement of preferential flow direction on GO/HOPG. The data was acquired over a same
location, with a same cantilever/tip (Scanasyst FLUID+, Bruker AFM Probes, Camarillo, USA) and in operating
conditions as close as possible in the two solutions. The measurements were first conducted in 10 mM KClI,
followed by extensive rinsing with 10 mM MgCl» and subsequent measurement in the 10 mM MgCl: solution. In

both solutions, the topography (a and g), the associated phase (b and h), the existence of directionality (d and j)
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and its associated preferred flow angle (e and k) are shown, with the HF-stage ON only in the lower part of the
image (white dashed line). The GO flake is highlighted with a black dashed line. The vortex operation reduces
the directionality on GO compared with HOPG in KCl, as expected for a hydrophilic substrate with no preferential
flow direction. This is reversed in MgClz indicating the existence of a preferred directionality over GO, as
confirmed by the angle distribution (c and 1) and the associated distribution probability (f and 1). The colour scale
bars are identical for both solutions and represent height variations of 4 nm (topography), 10° (phase), and 0.1 <

D < 0.45 (directionality). Vsyee, = 40kHz with a sweeping amplitude of ~1.5 nm peak to peak.

Overall, these results indicate that in presence of Mg?" ions, the interfacial flow parallel to GO
flakes in enhances when along directions that are in registry with the GO lattice. This is
however not the case for K" ions. The molecular origins and implications of this ion-specific
directionality is discussed elsewhere [59], but the present results illustrate the capabilities of
the HF-stage to derive information otherwise inaccessible with a standard AFM.

6. Discussion

The high-frequency piezo-based flexural stage developed in this study acts as an add-on to
existing AFMs, augmenting the capabilities of dynamic modes by enabling the tip to vibrate in
any desired direction. This is done by adding a small directional in-plane oscillation to the
vertically vibrating AFM tip operated by a standard AFM. Using suitable materials and design,
the HF-stage is small enough to fit directly atop the scanner of most commercial AFMs.

The operating frequency range of a scanner is typically taken below its natural resonance, here
yielding a bandwidth of ~35 kHz. However, on the mode of operation developed in this work
the stage is used for small displacements, typically less than 2 nm peak to peak. As a result,
meaningful data can be derived even above resonance (usually within a <15% range) without
significant distortion problems (e.g. 40 kHz in Fig. 12). Successful trials at 120 kHz (Fig. 9c¢)
suggest that even higher frequencies can be used in these conditions, but this remains to be
confirmed with quantitative results such as those presented in Fig. 12. It is also worth noting
that the natural resonance frequency of the stage can be increased by adjusting with parameters
such as the mass of the stage, that of the piezo elements and their respective stiffness (eq. (1)
and references [1, 2, 78, 79].

When implementing the HF-stage operation with that of the AFM, the main challenge to derive
meaningful results comes from the synchronization of both systems, including for data
acquisition. The fact that the stage allows from acquiring directional information as the AFM
tip is located at a same location requires for the AFM data collected at that location to be split
in suitable time intervals, each associated with a given lateral direction. This is not given as
standard with commercial AFM software and may require AFM-specific developments. With
this paper, we therefore provide our basic Labview code used to drive the HF-stage and analyse
the data in vortex mode. This software operated in conjunction with an AFM from Oxford
Instruments but could be easily adapted.
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The HF-stage was used successfully here to derive directional information about the nanoscale
flow patterns adopted by ionic aqueous solutions at the surface of HOPG and GO, reproducibly
identifying a preferred motion in registry with the GO lattice in the presence of Mg?" ions [59].
In order to derive meaningful flow information, most of the tip apex (> 20 nm?) is likely to
contribute to the measurement, but atomic-level resolution is still possible thanks to localized
asperities [22,82] or stable hydration sites [96] located on the tip apex. High-resolution could
be demonstrated on hard mica and soft purple membrane samples in solution with the HF-stage
operating. A loss of resolution is only visible if the amplitude of the oscillation imposed by the
stage becomes larger than the distance between the features to be resolved, or if the stage is
operated at the same frequency than the vertical oscillation of the tip. This last issue may be
related to the lack of phase synchronisation between both motions, thereby introducing
significant anharmonicities to the overall tip composed oscillation.

Beyond the proofs of principles established in the present work, there is still significant scope
for improvement and exploration of the method’s possibilities. First, the HF-stage itself can be
improved for higher resonance and lower noise operation. A major improvement would also
see phase synchronisation between the vertical and lateral oscillations to enable for more
accurate measurements, including a full quantification the orientation and direction (forward
or backward) being probed along that particular orientation. Here, to allow for reliable
measurements, a full vortex revolution is carried out at each pixel making the process relatively
slow, typically 1 lines/second in imaging. The fundamental limit for faster measurements
comes from the AFM electronics and the response (damping) timescale of the oscillating tip in
liquid. Being still far from these limitations here, the timescale of the measurements can still
be improved by an order of magnitude using short commercial cantilevers with high-end
AFMs.

Second, the HF-stage can be exploited to modulate and enhance the spatial resolution and
explore the dynamics of different solvation layers at interfaces in solution. This is because the
interfacial liquid itself plays and important role in AFM resolution at solid-liquid interfaces
[15,22,80,97]. On soft samples such as biomembranes this can be further exploited to preserve
the sample by playing with the viscoelastic properties of the interfacial water which then acts
as a lubrication, energy absorbing layer [98].

Finally, the interplay between the sweep and tip oscillation frequencies needs to be investigated
in depth, especially its impact on the measurement process and on the result. Here the
measurements were conducted in amplitude modulation for the demonstrated high-resolution
capabilities and the robustness of the mode, but the method is not specific to any imaging mode
either ON or OFF resonance, leaving a large ground to be explored in future studies.

7. Conclusion

The present study describes the development of miniature flexure-based two-dimensional HF-
stage for high resolution directional dynamic sensing with AFM, also in liquid environment.
The HF-stage is designed, built and tested with the aim of augmenting the measurement
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capabilities of standard dynamic mode AFM by adding a controlled lateral component to the
otherwise vertical tip oscillation. To illustrate the potential of the stage for in-plane dynamical
sensing with high spatial resolution, we use it here to quantify the nanoscale flow patterns
preferentially adopted by aqueous solutions along the surface of immersed graphene oxide.
The method is compatible with most existing AFM and does not preclude high-resolution
imaging.
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