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Abstract

A high-speed atomic force microscope for scanning large areas, utilising a quartz bar driven close to resonance to
provide the motion in the fast scan axis is presented. Images up to 170 x 170 um? have been obtained on a
polydimethylsiloxane (PDMS) grating in 1 second. This is provided through an average tip-sample velocity of 28 cm/sec
at a line rate of 830 Hz. Scan areas up to 80 x 80 pm? have been obtained in 0.42 seconds with a line rate of 1410 Hz. To
demonstrate the capability of the scanner the spherulitic crystallization of a semicrystalline polymer was imaged in situ at
high speed.

1. Introduction

High-speed atomic force microscopy (HS-AFM) was first introduced by Barrett ef a/ in the early 1990s for
imaging metal-semiconductor films [1]. The scan rate has been increased by 2-3 orders of magnitude
compared to conventional AFM and achieved an imaging rate of several frames per second with scan sizes
from a few hundred nanometers to tens of microns. To image at high speed without compromising spatial
resolution, numerous efforts have been put into developing robust mechanical scanners along with high-
bandwidth feedback control systems [2-9], small cantilevers with high resonance frequencies [10-14],
sensitive optical detection systems with sufficiently small laser spot sizes to detect them [15-17] and fast data
acquisition systems [18]. The increasing scan rate has enabled the study of dynamic processes at sub-second
timescales [17, 19-24] and has increased the throughput of AFM to a level where it is a viable technique for
use in applications such as semiconductor process control [25].

To maintain controlled scanner motion at high scan rates, the design and control of mechanical scanners has
played a crucial role in the development of HS-AFM systems [26, 27]. Small, stiff scanners based on piezo
tubes [2,3] or flexures optimized using finite element methods [4,6,18,28,29-31] allow control to be
maintained at high frequencies, but often at the expense of maximum scan size [32-34]. Notch filtering and
model based feedback have allowed scanners to be driven at higher frequencies while mitigating the effects of
resonant behavior [26,27,35,38,39], and non-raster scanning techniques such as Lissajous [40] and spiral
scanning [41-43] allow control at high scan rates as the scanner drive signals do not contain components at
higher harmonics of the scan frequency.

An alternative approach which we have previously employed [44] is to use the mechanical resonance of the
scanner itself to provide the fast scan axis, an approach termed resonant scanning. In resonant scanners the
scanner is driven sinusoidally at its resonant frequency, leading to a sinusoidal tip-sample displacement and
greatly increased amplitude due to the action of resonance. This resonant amplification and well-described
trajectory allow relatively straightforward construction of large area, high-speed scanners as the generation of
complex drive waveforms at high voltage and their accurate transduction into linear physical displacements is
not required [44-52]. The non-linear displacement is typically corrected by mapping the data directly onto
position using the known sinusoidal relationship between displacement and time for a harmonic oscillator
[45]. A wide-area scanner was developed in previous work using a macroscopic quartz bar resonator as the
fast scanner [44]. A scan area of 37.5 x 37.5 um? was obtained in 0.7 seconds with a line rate of 772 Hz in



quasi-constant height contact mode.

In this work, a resonant scanner was constructed using a similar macroscopic quartz bar resonator as
previously [44] but with modified dimensions and drive mechanism to give considerably improved
performance. A substantially larger area of 170 x 170 pm? could be scanned in 1 second with an average tip-
sample velocity of 28 cm/sec. This is significantly beyond the scan areas that have been obtained using more
conventional scanning approaches and shows the utility of resonance when exploring the extremes of scanner
performance. The new scanner was tested on gratings made from polydimethylsiloxane (PDMS), and by
following the crystallization of a semi-crystalline polymer in situ.

2. Experimental Methods
2.1 Scanner design

The high speed large area AFM scanner ideally needs to maintain planar motion over the full scan area while
also allowing the maximum possible scan area. As in our previous work, a quartz bar was selected for the
resonant scanner because of the high rigidity, low mechanical losses and thermal stability of quartz. A number
of different geometries of the resonator were tested using a finite element model (FEM) developed in
COMSOL MULTIPHYSICS (Ver 5.1), from iterations of the previous design [44] to geometries where both
ends of the bar were clamped and the central region driven into resonance. The final design is shown in figure
1(a) and provided the best combination of high amplitude and planar scanning. One end of the quartz bar is
fixed in a steel holder and a drive piezo (PL055, PICMA Chip Actuator, Physik Instrumente Ltd., Germany) is
positioned in contact with the side of the bar at a distance of approximately one sixth of the beam length from
the fixed end. The sample is mounted on the top surface of the bar, close to the free end. As described in our
previous work [44], the resonant frequency of the bar may be varied by adjusting the fixing point (and hence
the effective length of the bar) in the steel holder. Beam theory predicts that reducing the length will cause the
resonant frequency (and hence scan rate) to increase in proportion to the inverse square of the free length
[53].We have verified this for our scanner using FEM simulation, the results of which are plotted in figure
1(b). The drive mechanism differs from the previous design [44] in the positioning of the drive piezo against
the bar away from the fixed end (as opposed to clamping the bar and piezo together at the fixed end, in the
previous design), which allows significantly larger amplitudes (and hence scan sizes) to be obtained as the
piezo motion is no longer constrained by the steel holder. The quartz bar used in this work was thicker and
less tall (4 mm x 5.5 mm x 66 mm (thickness x height x length)) than the previous design (2 mm x 10 mm x 65
mm) to increase resonant frequency and thus imaging rate.



(a) (b)

steel holder

2000

Mini Piezo Actuator 1800
1600;

1400

f (Hz)

1200
1000

800

Figure 1 A schematic diagram of the quartz bar resonant scanner. One end of the quartz bar is fixed to the
holder either with glue or by clamping with a screw. A piezo actuator is brought into contact with the quartz
bar and drives the oscillation along the X direction The sample is placed at the free end of the quartz bar. A
linear nano-positioning stage is placed underneath the holder to provide the slow scan axis along the Y
direction. (b) The resonant frequency (f:) of the quartz bar (calculated from FEM simulation) plotted against
length L.

When developing a scanner for high speed motion over large areas one of the potential issues is development
of unwanted vertical motion of the scanning stage. This can lead to image distortion or, in the case of
constant-height scanning, very high tip-sample forces. FEM has been used to simulate the displacement of the
quartz bar in the lateral (X) and vertical (Z) directions when driven at its first resonant frequency. The results
are shown in figure 2. In figure 2(a) and (b), the colour scales represent the displacements of the quartz bar
along the X- and Z-axis, respectively. In figure 2(c), a 2D figure of the displacement along the Z-axis is plotted
at the site of the sample plate where the arrow marks the centre. However, the FEM program assumes that the
piezo actuator is bonded to the quartz bar while in the experimental case these are only pushed into contact
with each other, without glue or any other mechanical linkage. Hence the real vertical displacement (and any
image distortion that this would be expected to produce) is expected to be smaller than the simulated value
due to less direct distortion and coupling from the piezo actuator and the holder.
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Figure 2 3D FEM simulation of the quartz bar displacement at its first flexural resonance in both (a) lateral
(X) and (b) vertical (Z) orientation. (¢) is the 2D FEM simulation of the vertical displacement (Z) at the site of
sample plate with quartz bar underneath, marked with an arrow in (b).
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2.2 System Setup

The quartz bar resonant scanner is placed in the sample space of a tip-scanned AFM (Veeco Dimension 3100,
with Nanoscope IV controller), allowing conventional images to be taken of the same area to provide a
comparison. The quartz bar holder is placed on a nano-positioning stage (P1611.10 Physik Instrumente Ltd.,
Germany) which provides the slow scan axis. Both fast and slow scan axes are driven by sinusoidal signals
supplied by a VideoAFM controller (Infinitesima Ltd., UK) through two identical amplifier modules (E505.00
Physik Instrumente Ltd., Germany) [45,46]. A 10 mm diameter glass coverslip was placed on top of the free
end of the sample scanner, held with a thin layer of rubber adhesive (Reprorubber, Flexbar Corp., US).

During resonant scanning, the AFM is operated in contact mode. The feedback loop of the conventional AFM
remains active, but does not respond quickly enough to track the surface at the rate pixels are acquired. As
such, the feedback loop only acts to counteract large, slowly varying features on the surface, such as sample
slope. A combination of the vertically applied force due to cantilever bending and the attractive force due to
the capillary neck keeps the tip in contact with the sample during scanning, providing “passive feedback”
[46]. The high speed image is constructed from the vertical deflection signal, accessed from the In0O channel of
the Signal Access Module. This is fed into the VideoAFM controller, which samples deflection and corrects
for the sinusoidal motion in both the slow and fast scan axes using the known sinusoidal trajectory of the
scanner to map the data onto linearly spaced pixels. This is done by the VideoAFM controller in real time
using a proprietary routine executed on a field-programmable gate array, in which the phase of the scanner is a
free parameter which is adjusted by the user. The resonant frequency of the quartz bar scanner was located by
sweeping the drive frequency through a range of 500-2000 Hz while the cantilever was engaged on the sample
surface but not scanning. Using this approach, the resonant frequency could be located by monitoring the
deflection signal during the sweep. For the data shown here, two different clamping positions were used, with
corresponding resonant frequencies of 830 and 1410 Hz. Drive amplitudes up to 160 V., were used. The scan
rate (frames/second) along the slow scan axis was set to 0.5 — 1.2 Hz. Only either the up or down scan was
collected, in order to avoid image “breathing” due to hysteresis in the slow scan axis. Small, relatively soft
cantilevers (Bio-lever Mini BL-AC40TS, Olympus, Japan) with a nominal spring constant k= 0.09 N/m and
=125 kHz were used in this work.

2.3 Sample Preparation

To test the scan size that may be obtained with our scanner, a replica of a 10 um pitch calibration grating
(VGRP-15M, Bruker) was cast using polydimethylsiloxane (PDMS). The original grating consists of square



pits with a period of 10 um and a depth of 180 nm. The PDMS base and cross-linking agent (Sylgard 184,
Dow Corning) were mixed with a mass ratio of 10:1, as recommended by the manufacturer. The mixed PDMS
was poured onto the original grating and cured in an oven at 80 °C for 3 hours followed by 24 hours at room
temperature. After curing, the PDMS layer was peeled off the silicon wafer to give a negative replica of the
original grating, with square pillars projecting above a planar surface. Imaging with conventional AFM (figure
3) showed that these pillars have a height of approximately 130 nm. This implies some vertical shrinkage
during the curing process, but the lateral dimensions remained constant.

To demonstrate the capability of imaging dynamic processes at high speed, crystallization of a
polyhydroxybutyrate (PHB) polymer sample was imaged in situ. The sample was melted at 200 °C on a glass
cover-slip for one to two minutes until it appeared clear. Then the polymer was thinned with a razor blade and
quenched to room temperature. It was then glued to the quartz bar and scanned in ambient air. The
crystallization started within one to five minutes after being placed at room temperature.

3. Results and Discussion

A contact-mode height image of the PDMS replica, taken using conventional AFM, is shown in figure 3. The
image is 80 x 80 pum? with 256 x 256 pixels at a line rate of 1 Hz. A height profile taken along the line
indicated shows the height of the pillars is approximately 130 nm. High-speed images of the PDMS replicas
taken in ambient air with four different scan sizes (from 80 x 80 pm? to 170 x 170 pm?) are shown in figure 4.
Each image was captured in one second at a line rate of 830 Hz which corresponds to average sample
velocities of 13 — 28 cm/sec (or peak tip-sample velocities 20 - 44 cm/sec). The scan size along the fast scan
axis could be increased to as much as 200 um, while the slow scan axis is limited to a linear range of 170 pm
by the stage used. Stability has been tested by running the scanner for extended periods on PDMS gratings.
Figure S1 shows individual frames from the same dataset as figure 4. Images were captured for 20 minutes
while varying the scan size by adjusting the drive amplitude.

In figure 5(a) and (b) high-speed images from the same PDMS replica gratings were captured at a higher
imaging rate by reducing the unclamped length of the quartz bar to 52 mm to increase the resonant frequency
(and hence the line rate) to 1410 Hz. This allowed images of 70 x 70 um? and 80 x 80 um? to be captured in
0.42 seconds. From the images presented it is clear that the use of resonance to provide the fast scan axis
enables very large area high speed scanning. However, the approach clearly has some disadvantages. Along
the fast scan axis, we measure systematic increase in measured feature size from left to right with a maximum
error of 11 %, either caused by a mismatch between the actual phase of the resonating scanner and that of the
image acquisition and presentation software, or by a departure from simple harmonic motion of the scanner
(as this is assumed in the data presentation algorithm) [45,48]. A similar trend is observed along the slow scan
axis, with deviations up to 12%, most likely due to nonlinearity in the slow scan stage. As in previous studies
where we have used quasi-constant height imaging approach, the image data is not always simple to interpret,
with images being more similar to conventional error mode (e.g. “deflection’) than true topographic data [49].
However, this has the advantage that high frequency, low amplitude features, such as small bumps and holes
in the PDMS surface, are visible in the high speed images, showing that there are not significant distortions
caused by the scanner. High speed scanning requires high tip-sample velocities, and here the large areas are
obtained by pushing this parameter higher than in our previous work [44], to a peak value of 44 cm/s (or 28
cm/s average velocity). Considering the relatively challenging topography of the grid sample, it is not
surprising that some image degradation is seen at step edges with this large imaging speed, as pixels are being
captured at a higher frequency than the cantilever can respond. This leads to “smearing” of the features along
the fast scan axis and it may be that the energy dissipating nature of the rubber surface is helpful in
maintaining a stable image at the largest scan areas. However, it is likely that tip-sample forces remain high
especially when the tip encounters a large vertical step, so we investigated the capability of the scanner for
imaging a sample where damaging tip-sample interactions are both easily observable and relatively difficult to
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Figure 3 Height imagga) using a conventional contact mode AFM on a PDMS replica ofiaril@alibration
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Figure 4 High-speed images on PDMS calibration grid negative replicas, acquired in 1 second. Scan areas
from 80 x 80 um? to 170 x 170 um?* were obtained by changing the drive amplitude from 41 to 133 V,.,. The



slow scan range is limited to 170 um. The grey scale represents the deflection signal in arbitrary units.
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Figure 5 High-speed images on PDMS replicas. By reducing the free length of the quartz bar to increase the
resonant frequency to 1410 Hz, image areas of (a) 70 x 70 um? and (b) 80 x 80 um? were captured in 0.42
seconds. The grey scale represents the deflection signal in arbitrary units. (c) Feature spacings measured along
the marked lines in (b).

In figure 6 (high-speed movie supplied in SI, 20x true speed), a series of high-speed images are shown from
the crystallization process of polyhydroxybutyrate (PHB) polymer at room temperature. The polymer provides
a good test for the scanner as both a dynamic process and because the molten polymer (the smooth
background in these images) is relatively soft. The crystallization of this polymer is too fast for conventional
AFM imaging at room temperature without considerable distortion of spherulite shape caused by the
progression of the crystallization process between consecutive scans, whereas in these high speed images the
spherulites (disk shaped when grown in approximately 2-D films) appear approximately circular as expected.
The scan size is 57 x 62 um?. Each image was acquired in 1 second with a line rate of 830 Hz which
corresponds to an average tip-sample velocity of 10.8 cm/sec. The image resolution is 256 x 256 pixels (i.e.
pixels are slightly asymmetric as the image was collected slightly off-square). A conventional contact mode
height image was also collected after crystallization had completed and is shown in figure 7. The smaller
frame marked on figure 7 (white dashed rectangle) is the area imaged by the high-speed AFM in figure 6. In
the high-speed images of the crystallized surface (figure 6), imaging artifacts appeared at the junctions
between spherulites due to the AFM tip failing to track the sample surface at steep features. The height
profiles from three horizontal lines (1-3) from the conventional AFM image are plotted in figure 7b.

Comparison between the high-speed image and the conventional AFM image shows that there is good
agreement between the two approaches, with fine features being identifiable across the two sets of data. From
the accompanying movie (SI2) the right hand spherulite appears oval in the initial images before adopting the
expected circular shape. This is most likely because of the unusual growth mode of PHB spherulites at a
surface which leads to the rapid growth rates observed here [54]. If tip-sample forces, and in particular shear
forces, were high we would expect the AFM tip to induce nucleation in the amorphous polymer regions,
leading to crystallization happening outside of the circular radiating domains, and this is not seen. Indeed, in
previous studies we have found that if imaging in contact mode with conventional AFM on small scan areas
(i.e. a few micrometres or less) very rapid crystal nucleation is induced [55]. We therefore conclude that, on
the relatively flat molten areas, imaging forces are not substantially higher than in conventional contact mode
AFM imaging, or that at least the impact of higher forces is mitigated by the visco-elastic response of the
polymer.



Figure 6 A series of the high-speed AFM images from the crystallization process of polyhydroxybutyrate
(PHB) polymer at room temperature where the growth of two spherulites was captured on the surface. Images
were acquired in one second each with a line rate of 830 Hz. The image size is 57 x 62 um? and the image
resolution is 256 x 256 pixels. The grey scale represents the deflection signal in arbitrary units.
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Figure 7 Contact mode AFM topography image (a) and height profile (b) using a conve#tividrom the
same surface of crystallized PHB polymer. Black to white colouesepits O to 1..km in (a). The image was
taken after the polymer was fully crystallized. The image size is@&Dum?, and the smaller frame in whit
represents the scan area (82 um?) of the high-speed images shown in figure 7. The image resolution is

256 x 256 pixels.The height profiles from the three white horizontal lines (1-3) are plotted in the bottom
graph.

4. Conclusions

The wide applicability of AFM is hindered by the relatively slow imaging rate and, for process control
applications in particular, by the low image rate at large scan area. Here we have shown that through the use
of a resonating scanner, specifically designed for imaging with large amplitudes, it is possible to scan
macroscopic areas with high speed. We have presented a simple but robust quartz bar resonator as the fast
scanner. We have demonstrated that scan areas of 170 x 170 um? can be captured in one second, more than
four times larger than previous scan areas obtained at comparable frame rates. Although utilizing a quasi-
constant height imaging mode, the tip sample-forces remain sufficiently low that it is possible to image a soft,
crystallizing polymer without interfering with the process.



Supporting Information for Supplementary Movies and Images

SI1: High-speed images of the same area of a PDMS replica at different time points and scan sizes.
SI2: High-speed movie of crystallizing PHB. Output frame rate increased to 10 frames/sec.
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