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Since its inception, scanning probe microscopy (SPM) has established itself as the tool of choice
for probing surfaces and functionalities at the nanoscale. Although recent developments in the
instrumentation have greatly improved the metrological aspects of SPM, it is still plagued by the drifts
and nonlinearities of the piezoelectric actuators underlying the precise nanoscale motion. In this work,
we present an innovative computer-vision-based distortion correction algorithm for offline processing
of functional SPM measurements, allowing two images to be directly overlaid with minimal error - thus
correlating position with time evolution and local functionality. To demonstrate its versatility, the
algorithm is applied to two very different systems. First, we show the tracking of polarisation switching
in an epitaxial Pb(Zr, ,Tiy g)O5 thin film during high-speed continuous scanning under applied tip bias.
Thanks to the precise time-location-polarisation correlation we can extract the regions of domain
nucleation and track the motion of domain walls until the merging of the latter in avalanche-like events.
Secondly, the morphology of surface folds and wrinkles in graphene deposited on a PET substrate is
probed as a function of applied strain, allowing the relaxation of individual wrinkles to be tracked.

Atomic force microscopy (AFM), measuring the interaction between a sample surface and the apex of a scanning
microscope tip, is an extremely versatile technique which has been successfully applied to the study of materials
across multiple domains of scientific research’. Not only does this technique make possible three-dimensional
imaging of surface morphology with sub-nanometer precision, in metals and insulators, in solid state and bio-
logical systems, and in conditions varying from ultrahigh vacuum to full liquid immersion, but an appropriately
functionalized AFM tip can also be used as a probe of complex physical properties such as magnetisation, electric
polarisation and conductivity, (electro)mechanical responses, adhesion, and friction, all at a local scale? . This
great versatility allows spatially resolved maps of different functionalities to be built from sequential AFM images,
giving a deep understanding of the system under investigation, and the competition and correlation between
its mechanical, tribological, magnetic, electric and chemical properties. In materials science, for example, such
sequential multifunctional AFM mapping, with combinations of different measurements taken in succession over
the same area, has played a crucial role in the discovery of novel functionalities at ferroelectric domain walls?, and
allowed the microscopic mechanisms of magnetoelectric coupling in complex oxides® to be identified. Not only
limited to inorganic materials, AFM techniques have also been used to image dynamic biological processes at the
mesoscale, tracking individual molecules® and cell division mechanics’.

However, a general problem inherent to all scanning probe microscopy techniques is that two sequentially
acquired images are seldom directly comparable, especially down to their (sub)nm limits of resolution. The two
main sources of deviation between consecutive images arise from nonlinearities of the piezoelectric actuator used
to perform the nanoscale displacements. First, scanner hysteresis, present in all open-loop scanners, will contrib-
ute a nonlinear scan-direction-dependent response. Second, varying parameters such as temperature or creep
can induce a time-dependent drift which will shift the images with respect to each other. Various techniques have
been developed in order to combat these sources of error. Continued improvements of the mechanical stability,
as well as the introduction of closed loop scanners® - allowing the precise position of the tip with respect to the
sample to be determined - have greatly simplified the problem of nonlinearities and drift. In systems where such
hardware improvements were not possible, software algorithms have been introduced for an online correction

!Department of Quantum Matter Physics, University of Geneva, 1211, Geneva, Switzerland. 2Combine Control
Systems AB, 413 04, Gothenburg, Sweden. laroslav Gaponenko and Philippe Tickmantel contributed equally to this
work. Correspondence and requests for materials should be addressed to I.G. (email: iaroslav.gaponenko@unige.ch)

SCIENTIFICREPORTS|7:669 | DOI:10.1038/s41598-017-00765-w 1


mailto:iaroslav.gaponenko@unige.ch

www.nature.com/scientificreports/

(@]

(d) (f) — Corrected
— Original
El
)
€
3
) ()
=)
3
5 -4 Height difference (nm) 2

Figure 1. (a,b) Subsequent topographic images acquired on a PZT thin film, with the white scale bar
representing 1 pm. (d) The height difference between the uncorrected images demonstrates that the two images
cannot be directly correlated spatially. The corrected image (c), however, shows a substantially lower variation
in the height difference (e), demonstrating the effectiveness of the algorithm. This is further substantiated by the
collapse of the histogram of height differences (f), with the corrected histogram having a narrower distribution
around 0 nm.

of the tip positioning, taking into account the nature of the piezoelectric tube scanner - with the requirement of
complex calibration and limited success in real-world applications” °. Finally, offline software correction algo-
rithms applied directly to the acquired images were developed, mapping topographic features detected during
sequential scans onto each other to correct for thermal drift induced position shifts during the actual scanning
process'!-12,

In this paper, we present an approach in this last category, a software algorithm for offline correction of atomic
force microscopy images. The fully automated computer vision enhanced algorithm was designed in order to
tackle both the scanner nonlinearities as well as thermal drifts with two goals in mind. First, since complete
mapping of different functionalities at the nanoscale usually requires multiple AFM scans over the same region,
a cross-correction of different data types is necessary to extract the functional behaviour precisely at each posi-
tion on the surface. This is the case for instance of successive piezoresponse force microscopy (PFM) and con-
ductive tip AFM (CAFM) imaging. Secondly, the imaging of dynamical processes is associated with multiple
scans over the same area, resulting in images with overlapping portions that, once corrected, allow time- or
stimulus-resolved functionality maps to be constructed. The innovative use of computer vision libraries allows for
optimal topographic feature detection and mapping both for a precision tracking of minute topographic changes,
as well as for the cross-correction of secondary image channels. After discussing the validity and implemen-
tation of the algorithm we present its application to two systems demonstrating our goal-oriented design. The
cross-correction is shown by the mapping of ferroelectric polarisation switching as a function of time, demon-
strating the robustness of our approach for space-time-correlated imaging of local functionalities. A second
example tracks the response of wrinkles in chemical vapour deposition graphene as a function of applied strain,
showing their progressive relaxation.

Distortion correction algorithm

A concrete example of the necessity of a reliable correction method is demonstrated in Fig. 1. Two sequentially
acquired topographic images of a Pb(Zr,Ti,3)O; (PZT) thin film in Fig. 1(a,b) look identical to the eye. However,
their differential height map, seen in Fig. 1(d) clearly shows that this is not the case - the particles in the first image
(black) not aligning with particles in the second image (white). Thus, automated tracking of functionality at the
nanoscale is precluded by the drifts and distortions. However, when the topography of the second image is cor-
rected with the method described in this paper, as can be seen in Fig. 1(c), the corresponding differential height
map in Fig. 1(e) is almost featureless, demonstrating the effectiveness of the correction. A normalised histogram
of the uncorrected and corrected height difference maps is shown in Fig. 1(f), in blue and red respectively, indi-
cating a much closer matching between the two images for the corrected version of the topography.

Correction validity. In order to demonstrate the validity of the corrections for the two main noise sources,
some assumptions are necessary. First, we postulate that drift and hysteresis act independently on the fast and

SCIENTIFICREPORTS|7:669 | DOI:10.1038/s41598-017-00765-w 2



www.nature.com/scientificreports/

@) (b)

1%: o-ssoe O] | U

Load files Find matches Compute transform Map coordinates Final result

A 4

Automated correction process workflow

Figure 2. Illustration of the algorithm workflow. Images are loaded with a Python script (a), and the
topographic channels are analysed through a computer vision algorithm in order to find a complete set of
matching points (b). The matching points are then used to generate a coordinate transform (c,d) which is finally
applied to the auxiliary data channels (e), enabling nanoscale correlations to be extracted.

slow scan directions (no cross-correlation), and thus any contribution can be split into orthogonal components,
parallel and perpendicular to the scan direction. A second assumption is that the drift is negligible within a single
scan frame, given that once the scanner has stabilized the average time dependent drifts are of the order of nano-
meters per minute - small enough to not have major effects in a typical 10-20 minute measurement over a region
of 1-5 micrometers. Thus, we can relate the drift between two consecutive images as a linear (x, y) position shift
between two images. This leaves us with the second source of deviation - scanner nonlinearities such as hysteresis
- whose contribution is nontrivial due to the physical properties of piezoelectric materials. Nevertheless, models
have been developed in order to study this hysteresis, allowing for a precise description of the relative displace-

ment error as a function of position, yielding an effective position x,, as a function of the control voltage V that

can be expressed asx,, = bV F £(1 — ——2—_¢7V)"%. The tand r branches of the equation describe the

a FoVmax o o FoVmin

trace and retrace behaviour respectively, ';nd a, %,eu are constants. For the correction of the hysteresis, we assume
that the images were acquired consecutively, with the first image being an up-directed scan followed by a
down-directed scan (or vice versa), although the computation is valid for any two images of the same area per-
formed under identical measurement conditions (speed, size, number of pixels) regardless of their consecutive-
ness. This is due to the fact that two images acquired in the same direction will simply have a negligible error due
to hysteresis, whereas two images that have one of the two (slow or fast) scan axes inverted will be handled cor-
rectly by the algorithm. Thus, the difference in effective position as a function of voltage for the two images is
given by Ax(V) = x,(V) — x(V) = fz—u(cosh(%a(f Vinax — Vanin + 2V))/cosh(la(Vmax — Vo)) — 1). This
expression is consistent with observations, as the minimum error is found at the edges of the scan,
Ax(Vo) = Ax(Vy,,,) = 0, and the maximum is found in the middle of the image, at V = Yo+ Vmin _ g
expected. The expression for Ax(V) can be reformulated in terms of a polynomial expansion of order 22, with the
deviation from the original expression of less than 1% for the typical values of voltage used in conventional pie-
zoelectric scanners. Thus, adding up the drift and nonlinearities, the two sources of error can be approximated by
a second order polynomial - demonstrating the soundness of the method for the correction of images. With the
above reasoning, correction turns into the the sequential problem of locating a large number of distinctive fea-
tures in a comparable data set for both images, extracting their relative displacement, and computing a position
correction function which will then be applied to the data set to be corrected. The correction can thus be gener-
ated for any two data sets, and can be used for either the tracking of the area of interest over multiple images or for
cross-correction of a different data set acquired simultaneously, such as the current that is acquired at the same
time as the topography in CAFM measurements.

Implementation. The workflow of the algorithm is described in Fig. 2. First, the two images to be com-
pared are loaded by the use of a custom AFM image loading module that accepts standard measurement file for-
mats. Then, the reference channels - in most cases topographies - are extracted from both images, and processed
through the OpenCV computer vision library in order to find pairs of matching key-points between the two
images, yielding an array of points with their respective (x, y) coordinates in both images. The initial detection
of features is performed by the use of off-the-shelf methods relying on the multi-scale analysis of local vari-
ations which allow to extract unique features such as edges, corners or objects. In our case, feature detection
with the SURF (Speeded-Up Robust Features)'* and ORB (Oriented FAST and Rotated BRIEF)" algorithms has
given the best results during testing. The resulting features are then analyzed between both images by a FLANN
(Fast Library for Approximate Nearest Neighbours) matcher'®, designed for nearest neighbor search, generating a
complete set of matching pairs of points between the first and second measurement. These two sets of positions
are then used in order to find a polynomial transform of the coordinates between the first and second images by
means of the scikit-image transformations module. This transform is finally applied onto the auxiliary channels
such as the phase and the current through the use of the coordinate mapping function of the scipy n-dimensional
image module in order to generate a final corrected image. The complete implementation in Python can be found
in the Supplementary Materials as well as on the GitHub repository provided?’.

Results and Discussion

In order to demonstrate the viability of the distortion correction algorithm in real-world applications, two
representative examples of the analysis of scanning probe microscopy images are shown. First, the nanoscale
time-dependence of voltage-induced ferroelectric polarisation reversal is explored in a series of piezoresponse
force microscopy images, from which we extract the dynamics of ferroelectric domain nucleation, growth and
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Figure 3. Investigations of the domain structure of a PZT thin film whose topography is shown in (a). The
domain structure at a given time point (b) is noisy, so an in-depth analysis is used to extract the time-of-
switching map (c). The map can be analysed and broken down into domain nucleation (red), motion (blue), and
merging (green) events whose time distribution is shown in (d). Each domain can then be individually tracked
from its nucleation onward, illustrated in one colour per domain in (e). The domain nucleation, motion and
merging regions are shown in (f-h) respectively, opening the pathway to an analysis of the defect landscape and
domain avalanche behaviour.

merging. Second, the relaxation of wrinkles in chemical-vapour-deposition (CVD)-grown graphene on a pol-
yethylene terephthalate (PET) substrate under progressive bending strain is followed, allowing morphological
changes to be tracked as a function of strain. In both cases, the distortion correction algorithm is used to gain
quantitative insight into fundamental processes that were previously accessible at best qualitatively. Without such
a correction, in the ferroelectric films we could image overall switching behaviour, but not track domains individ-
ually, and in the graphene samples, while we could observe that in general wrinkles appeared to decrease in size
and in some cases disappear when strain is applied, we could not directly compare these changes in individual
wrinkles as a function of position and orientation across the entire image.

Nanoscale polarisation reversal tracking. Ferroelectric materials such as PZT possess a spontaneous
electric polarisation, organising into regions with different orientation, known as domains, separated by thin
interfaces known as domain walls. The ferroelectric polarisation can be reversed by an electric field applied to the
material either with planar electrodes in a capacitor geometry, or by means of a biased scanning probe microscopy
tip. In the former case, the macroscopic properties of the material can be measured, but the microscopic behaviour
of individual polarisation switching events is lost in the response'®1°. Thus, atomic force microscopy has become
over the last decades the tool of choice for probing ferroelectricity at the nanoscale by means of local polari-
sation switching and piezoresponse force microscopy (PFM) imaging, allowing the non-linear dynamics and
characteristic roughness scaling of domain walls, and their interaction with defects to be directly observed*?2!.
Moreover, recent studies have shown the domain walls themselves to possess a plethora of localised functional
properties absent from the surrounding parent phase, making them potentially useful as active device compo-
nents of a future domain-wall-based nanoelectronics* > 2. In such studies, in order to correlate the emergence of
complex behaviour and the position of the domain walls, a wide variety of AFM techniques is used in conjunction
with PFM - most of them requiring multiple scans of the same regions in order to both image the domain struc-
ture and probe the functional response. These, and even more simple time series with consecutive PEM scans of
the same domain structure, usually suffer from the problems described in the previous sections, requiring careful
human inspection to compare the sequential measurements - a problem that disappears with the advent of smart
data correction algorithms such as the one described in this work.

In order to illustrate the usefulness of our algorithm for the study of ferroelectrics, we look at domain switch-
ing dynamics in a 100 nm thick PZT c-axis oriented thin film epitaxially grown on a conductive Nb:SrTiOj; single
crystal substrate by radio frequency magnetron sputtering. The film is mono-domain, up-polarised as grown,
and exhibits a slightly granular morphology as shown in Fig. 3(a), with small particles (bright contrast in the
height image) on the surface. The measurements were performed by using dual frequency resonance tracking
PFM on a Veeco Multimode I'V microscope equipped with a Nanonis 4 controller. When the sample is scanned
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continuously in sequential 90-second 5 zm? 512 x 512 pixel scans while a positive 10V bias is applied to the AFM
tip, a complex domain structure emerges as a result of multiple nucleation and growth events - with an example
of the polarisation at the 30th scan (after 45 minutes of scanning) shown in Fig. 3(b). Small domains nucleate in
the up-polarised background, grow radially outwards, and merge until the whole scanned area switches to the
uniformly down-polarized state, with the exception of a few regions apparently frozen in the up-polarised state,
or where the presence of significant surface particles makes both polarisation switching and imaging difficult.

We note that in this measurements series, the biased AFM tip spends very little time over a given region dur-
ing each scan, due to the high scan speed used. Thus, although the applied voltage is well over the minimum value
of 5V for which stable polarisation reversal is observed under a stationary tip in PZT thin films®, at each pass in
the sequence this voltage is effectively applied for a duration of only /2300 s per pixel. The applied voltage being
10V, by proximity effect nearby pixels will also feel a super-coercive field, thus effectively bringing the “exposure”
of each point of the sample to 5-10 ms. As previously reported®, for such short times the polarisation under the
tip is not fully reversed, but instead a potentiated region forms, which can be gradually driven to full reversal by
multiple short duration voltage pulses. Thus, this high speed dynamic measurement allows us to qualitatively
probe domain nucleation and growth - and to understand the way domain walls explore the defect landscape
around them.

For the analysis, fifty consecutive scans were selected, with a cut-off chosen at the scan by which the polarisa-
tion had acquired its final configuration (75 minutes). The images were aligned by using the distortion correction
algorithm with the vertical deflection channel, using the 20th scan (30 minutes) as the reference with respect to
which all others were corrected. The quality of the correction is demonstrated in the movies available as part of
the Supplementary Materials. Once the correction was applied, each pixel of the image could be tracked over the
full experimental duration of 50 scans until the final reversed polarisation configuration. The evolution of the lat-
ter at each pixel was then extracted and subjected to a Heaviside step function fit to identify the time at which its
polarisation state was reversed from up to down - with a corresponding shift of 180° in the piezoresponse phase
channel. The step function fits yielded an effective time-of-switching for each pixel, as shown in Fig. 3(c). The
black spots represent areas that had not switched and that were thus excluded from further analysis. Using this
map, it was possible to track each domain from its nucleation, through its outward growth and up to its merging
with the domains around it. To categorise the appearance of switched regions in successive images, these were
separated by the following criteria: if the new region does not have neighbouring domains within a radius of one
pixel around it, it is considered a nucleation event; when it has a single neighbouring domain, then it is considered
a motion event associated with that domain; and finally when there is more than one neighbouring domain, then
it is considered a merging event, and the region is associated with the domain which has the most neighbouring
pixels. We could thus extract the complete domain map shown in Fig. 3(e), as well as mapping the three types of
switching event: nucleation in Fig. 3(f), domain wall motion in Fig. 3(g) and merging in Fig. 3(h). Moreover, by
extracting the time-of-switching for each of these maps, we could separate the polarisation switching events into
the three categories as a function of time in Fig. 3(d).

The observed switching behaviour is in very good agreement with the qualitative understanding of ferroelec-
tric polarisation several based on both experimental and theoretical studies?” 2%, From previous observations
in thin films, polarisation reversal usually happens first by means of nucleation at sites with a lower activation
potential related to the complex defect landscape of the material®*-**. Once nucleation occurs, the resulting
domains grow outwards, with characteristic dynamics dominated by domain wall motion through a strongly
varying potential energy landscape®"-. Finally, when two growing domains get close enough to each other, they
can merge into a single domain, minimising the domain wall length and thus energy cost of the resulting polariza-
tion configuration. This behaviour is visible in the results presented in Fig. 3, with the nucleation sites distributed
randomly around the scanned area, shown in Fig. 3(f). The resulting domain grow radially around the nucleation
sites, as indicated in Fig. 3(g). As the domains get closer and closer together, they appear to snap into one another
within the time interval of a single scan, generating avalanche-like merging events as shown in Fig. 3(h), previ-
ously reported in magnetic domains®, and here observed for the first time directly in ferroelectrics. This sequence
of switching events appears to be a completely general behaviour, as can be seen from the timeline of the various
types of events, shown in Fig. 3(d). Nucleation events, shown in red, occur at specific instants of time, and are
immediately followed by an increase in motion events (blue). Merging events (green) become apparent only later,
with a very large peak observed before all three event counts decay due to quasi-complete switching.

This short study makes the usefulness of our distortion correction algorithm for the investigation of ferroe-
lectric domain dynamics under applied field very clear. Not only is it possible to track the evolution of individual
domains, but also to separate the nucleation, motion, and merging events which collectively contribute to polar-
isation reversal, enabling in-depth nanoscale data analytics to be performed on the time- and voltage-dependent
switching behaviour of ferroelectric thin films. This can allow a microscopic understanding of the processes
involved in the domain wall motion dynamics and their interplay with defects, paving the way to better control
of macroscopic functionality.

Wrinkle relaxation in strained graphene.  Although the cross-channel correlation presented above is
the major strength of the distortion correction algorithm, a direct tracking of topographic changes can also be
useful for morphological studies of surface-mediated processes. Examples of such a use include the dynamics
of molecules in response to stimuli*®, and the atomic tracking of single defect dynamics in scanning tunnelling
microscopy”. Here, as an example, we present the relaxation of wrinkles in a 1 cm? CVD graphene layer deposited
on a polyethylene terephthalate substrate in response to bending strain.

The graphene was strained in-situ using a home-built device based on a micrometer gauge, shown in, designed
to allow both optical and scanning probe microscopy measurements of the system under applied strain, as
reported in ref. 38. The scanning probe imaging in this study was performed on a Veeco Dimension 3100 AFM
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Figure 4. CVD graphene on polyethylene terephthalate imaged at different tensile strains. The AFM
topographies (a-d) at nominal strains of 0%, 1.2%, 1.6% and 2%, respectively, show the progressive
disappearance of wrinkles as the bending strain is increased in the direction of the blue arrow. Thanks to the
distortion correction, the differential height images (f-h) between the height images at 0% and 1.2%, 1.6% and
2% strain, respectively, demonstrate the disappearance (blue features) of wrinkles perpendicular to the strain
direction (red arrow) whereas the remaining area shows little height difference (green-yellow region). The
average height differential of the wrinkle highlighted in (a) is shown in (e), demonstrating a decrease in height
as a function of strain.

with a Hybrid XYZ closed-loop head. The closed-loop scanner facilitated the analysis, as the hysteresis due to the
piezo-column was directly compensated. The topographic imaging shown in Fig. 4(a-d) was performed in inter-
mittent contact mode on 5 um? areas at 0%, 1.2%, 1.5% and 2% nominal strain, respectively, with the tip retracted
between each measurement in order to readjust the strain.

These topographic images in Fig. 4(a-d) are all of high quality, and show very similar morphology across
the different nominal strain conditions, with a root-mean-square surface roughness of ~3 nm, revealing a clean
graphene surface almost free from PMMA residues, and characterised by wrinkles and folds of different heights
and orientations. A closer inspection reveals that as strain is increased along the direction indicated by the blue
arrow in Fig. 4(a), there is a progressive height decrease and disappearance of wrinkles perpendicular to the strain
direction. Although this observation can be obtained by qualitative visual inspection, the different drifts of the
system preclude a systematic quantitative analysis. However, thanks to the distortion correction algorithm, the
height difference maps in Fig. 4(f-h) can be generated, clearly showing the positions at which the wrinkles appear
(red) and disappear (blue), parallel and perpendicular to the applied strain direction respectively. The average
height differential of the wrinkle highlighted in Fig. 4(a) is shown in Fig. 4(e) as a function of strain. Such wrinkle
relaxation in fact means that the effective strain ¢ applied to the graphene is smaller than the nominal values. In a
more detailed study of the effects of strain application on the optical conductivity of graphene in the far infrared
regime®®, additional Raman measurements were therefore used to calibrate effective vs. nominal strain, by com-
parison to a mechanically exfoliated single graphene flake®.

Thanks to the distortion correction method, the comparison between the topographies at different strain
values can be used in order to study the effect of wrinkle relaxation in-situ as a way to relieve strain, an important
consideration for graphene based sensors and electronics in strain-resilient device applications.

Conclusion

We have presented an automated distortion correction algorithm based on computer vision, and demon-
strated the rationale behind its applicability to the correction of the nonlinearities of piezoelectric column
nano-positioners. The method, based on the mapping of coordinate transforms between matching sets of points
between two images, enables offline processing and complex data analytics of preexisting images. Different trans-
forms were described, with the polynomial transform treated as the generic one-fits-all solution. The algorithm
was then applied to two distinct systems both to demonstrate the power of cross-correlation and of topographic
feature tracking. Whether it is the intricacies of domain nucleation, growth and merging in PZT thin films or the
relaxation of wrinkles on strained CVD graphene, signatures of fundamental processes have emerged - allowing
for a better comprehension of the physics underlying the studied systems.

Moreover, the methods demonstrated above are not limited to scanning probe micrographs, but can also be
generalised to any sequence of images where a large enough set of matching features can be detected. This is the
case of optical microscopy images - whose distortion can be mapped to secondary acquisition channels such as
fluorescence, in order to study biological processes. Another field which could benefit from this offline correction
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is high resolution transmission electron microscopy, where time-resolved spatial analysis can provide insight into
fundamental materials physics. Overall, the computer vision based approach to offline image sequence correc-
tion is a versatile tool for a broad community of microscopists, opening paths towards a greater understanding
of materials systems.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Binnig, G., Quate, C. F. & Gerber, C. Atomic Force Microscope. Physical Review Letters 56, 930-933, doi:10.1103/physrevlett.56.930
(1986).

. Meyer, E. Atomic force microscopy. Progress in Surface Science 41, 3-49, d0i:10.1016/0079-6816(92)90009-7 (1992).
. Bhushan, B. (ed.) Springer Handbook of Nanotechnology (Springer Nature, doi:10.1007/978-3-642-02525-9 2010).
. Catalan, G., Seidel, J., Ramesh, R. & Scott, J. F. Domain wall nanoelectronics. Rev. Mod. Phys. 84, 119-34, d0i:10.1103/

RevModPhys.84.119 (2012).

. Heron, J. T., Schlom, D. G. & Ramesh, R. Electric field control of magnetism using BiFeO3-based heterostructures. Appl. Phys. Rev.

1,021303, doi:10.1063/1.4870957 (2014).

. Ando, T, Uchihashi, T. & Kodera, N. High-Speed AFM and Applications to Biomolecular Systems. Annual Review of Biophysics 42,

393-414, doi:10.1146/annurev-biophys-083012-130324 (2013).

. Wu, Y, Sims, R. C. & Zhou, A. AFM resolves effects of ethambutol on nanomechanics and nanostructures of single dividing

mycobacteria in real-time. Physical Chemistry Chemical Physics 16, 19156-64, d0i:10.1039/c4cp01317d (2014).

. Daniele, A., Salapaka, S., Salapaka, M. & Dahleh, M. Piezoelectric scanners for atomic force microscopes: design of lateral sensors

identification and control. In Proceedings of the 1999 American Control Conference (Cat. No. 9CH36251) (Institute of Electrical and
Electronics Engineers (IEEE)), doi:10.1109/ACC.1999.782779.

. Lapshin, R. V. Drift-insensitive distributed calibration of probe microscope scanner in nanometer range: Approach description.

Applied Surface Science 359, 629-636, doi:10.1016/j.apsusc.2015.10.108 (2015).

Lapshin, R. V. Drift-insensitive distributed calibration of probe microscope scanner in nanometer range: Virtual mode. Applied
Surface Science 378, 530-539, doi:10.1016/j.apsusc.2016.03.201 (2016).

D’Acunto, M. & Salvetti, O. Pattern recognition methods for thermal drift correction in Atomic Force Microscopy imaging. Pattern
Recognition and Image Analysis 21, 9-19, doi:10.1134/s1054661811010056 (2011).

Rahe, P,, Bechstein, R. & Kiihnle, A. Vertical and lateral drift corrections of scanning probe microscopy images. Journal of Vacuum
Science & Technology B, Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena 28,
C4E31-C4E38, doi:10.1116/1.3360909 (2010).

Dirscherl, K., Garnes, J., Nielsen, L., Jogensen, J. F. & Sorensen, M. P. Modeling the hysteresis of a scanning probe microscope.
Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures 18, 621, doi:10.1116/1.591249 (2000).

Bay, H,, Ess, A., Tuytelaars, T. & Gool, L. V. Speeded-up robust features (surf). Computer Vision and Image Understanding 110,
346-359, d0i:10.1016/j.cviu.2007.09.014 (2008).

Rublee, E., Rabaud, V., Konolige, K. & Bradski, G. Orb: An efficient alternative to sift or surf. In Proceedings of the 2011 International
Conference on Computer Vision. ICCV ’11, 2564-2571, d0i:10.1109/ICCV.2011.6126544 (2011).

Muja, M. & Lowe, D. G. Fast approximate nearest neighbors with automatic algorithm configuration. In International Conference on
Computer Vision Theory and Application VISSAPP’09) 331-340, doi:10.5220/0001787803310340 (2009).

Gaponenko, I, Tuckmantel, P, Ziegler, B. & Paruch, P. GitHub repository of the paruch group, URL http://github.org/paruch-group
(2017).

Damjanovic, D. Ferroelectric, dielectric and piezoelectric properties of ferroelectric thin films and ceramics. Rep. Prog. Phys. 61,
1267-1324, doi:10.1088/0034-4885/61/9/002 (1998).

Vasudevan, R. K. et al. Polarization dynamics in ferroelectric capacitors: Local perspective on emergent collective behavior and
memory effects. Advanced Functional Materials 23, 2490-2508, doi:10.1002/adfm.201203422 (2013).

Paruch, P. & Guyonnet, J. Nanoscale studies of ferroelectric domain walls as pinned elastic interfaces. C. R. Physique 14, 637-684,
doi:10.1016/j.crhy.2013.08.004 (2013).

Jesse, S. et al. Direct imaging of the spatial and energy distribution of nucleation centres in ferroelectric materials. Nature Mater. 7,
209-215, doi:10.1038/nmat2114 (2008).

Salje, E. K. H. Multiferroic boundaries as active memory devices: trajectories towards domain boundary engineering.
ChemPhysChem 11, 940-950, doi:10.1002/cphc.200900943 (2010).

Béa, H. & Paruch, P. Multiferroics: a way foward along domain walls. Nature Mater. 8, 168-169, doi:10.1038/nmat2393 (2009).
Paruch, P, Tybell, T. & Triscone, J.-M. Nanoscale control of ferroelectric polarization and domain size in epitaxial pb(zr,tiy s)05 thin
films. Appl. Phys. Lett. 79, 530-532, doi:10.1063/1.1388024 (2001).

Blaser, C. & Paruch, P. Subcritical switching dynamics and humidity effects in nanoscale studies of domain growth in ferroelectric
thin films. New J. Phys. 17, 013002, doi:10.1088/1367-2630/17/1/013002 (2015).

Shin, Y.-H., Grinberg, I., Chen, I.-W. & Rappe, A. M. Nucleation and growth mechanism of ferroelectric domain-wall motion.
Nature 449, 881-884, d0i:10.1038/nature06165 (2007).

Kim, T. H. et al. Polarity-dependent kinetics of ferroelectric switching in epitaxial BiFeO3(111) capacitors. Applied Physics Letters
99, 012905, doi:10.1063/1.3609235 (2011).

Yang, S. M. et al. Domain wall motion in epitaxial pb(zr, ti)o3 capacitors investigated by modified piezoresponse force microscopy.
Appl. Phys. Lett. 92, 252901, doi:10.1063/1.2949078 (2008).

Kim, D.J, Jo,]. Y., Kim, Y. S. & Song, T. K. Inhomogeneous domain nucleation and growth in disordered ferroelectric capacitors
observed by modified piezoresponse force microscopy. Journal of Physics D: Applied Physics 43, 395403, doi:10.1088/0022-
3727/43/39/395403 (2010).

Polomoff, N. A. et al. Correlation between nanoscale and nanosecond resolved ferroelectric domain dynamics and local mechanical
compliance. Journal of Applied Physics 109, 091607, doi:10.1063/1.3581205 (2011).

Polomoff, N. A., Nath, R., Bosse, J. L. & Huey, B. D. Single ferroelectric domain nucleation and growth monitored by high speed
piezoforce microscopy. Journal of Vacuum Science & Technology B: Microelectronics and Nanometer Structures 27, 1011,
doi:10.1116/1.3077485 (2009).

Gruverman, A., Wu, D. & Scott, J. F. Piezoresponse force microscopy studies of switching behavior of ferroelectric capacitors on a
100-ns time scale. Phys. Rev. Lett. 100, 097601, doi:10.1103/PhysRevLett.100.097601 (2008).

Morozovska, A. N. et al. Thermodynamics of nanodomain formation and breakdown in scanning probe microscopy: Landau-
ginzburg-devonshire approach. Phys. Rev. B 80, 214110, doi:10.1103/PhysRevB.80.214110 (2009).

Tybell, T., Paruch, P, Giamarchi, T. & Triscone, J.-M. Domain wall creep in epitaxial ferroelectric pbzr,,ti, 405 thin films. Phys. Rev.
Lett. 89, 097601, doi:10.1103/PhysRevLett.89.097601 (2002).

Repain, V. et al. Creep motion of a magnetic wall: Avalanche size divergence. Europhys. Lett. 68, 460-466, doi:10.1209/epl/i2004-
10213-7 (2004).

Ando, T. Molecular machines directly observed by high-speed atomic force microscopy. FEBS Letters 587, 997-1007, doi:10.1016/j.
febslet.2012.12.024 (2013).

SCIENTIFICREPORTS|7:669 | DOI:10.1038/s41598-017-00765-w 7


http://dx.doi.org/10.1103/physrevlett.56.930
http://dx.doi.org/10.1016/0079-6816(92)90009-7
http://dx.doi.org/10.1007/978-3-642-02525-9
http://dx.doi.org/10.1103/RevModPhys.84.119
http://dx.doi.org/10.1103/RevModPhys.84.119
http://dx.doi.org/10.1063/1.4870957
http://dx.doi.org/10.1146/annurev-biophys-083012-130324
http://dx.doi.org/10.1039/c4cp01317d
http://dx.doi.org/10.1109/ACC.1999.782779
http://dx.doi.org/10.1016/j.apsusc.2015.10.108
http://dx.doi.org/10.1016/j.apsusc.2016.03.201
http://dx.doi.org/10.1134/s1054661811010056
http://dx.doi.org/10.1116/1.3360909
http://dx.doi.org/10.1116/1.591249
http://dx.doi.org/10.1016/j.cviu.2007.09.014
http://dx.doi.org/10.1109/ICCV.2011.6126544
http://dx.doi.org/10.5220/0001787803310340
http://github.org/paruch-group
http://dx.doi.org/10.1088/0034-4885/61/9/002
http://dx.doi.org/10.1002/adfm.201203422
http://dx.doi.org/10.1016/j.crhy.2013.08.004
http://dx.doi.org/10.1038/nmat2114
http://dx.doi.org/10.1002/cphc.200900943
http://dx.doi.org/10.1038/nmat2393
http://dx.doi.org/10.1063/1.1388024
http://dx.doi.org/10.1088/1367-2630/17/1/013002
http://dx.doi.org/10.1038/nature06165
http://dx.doi.org/10.1063/1.3609235
http://dx.doi.org/10.1063/1.2949078
http://dx.doi.org/10.1088/0022-3727/43/39/395403
http://dx.doi.org/10.1088/0022-3727/43/39/395403
http://dx.doi.org/10.1063/1.3581205
http://dx.doi.org/10.1116/1.3077485
http://dx.doi.org/10.1103/PhysRevLett.100.097601
http://dx.doi.org/10.1103/PhysRevB.80.214110
http://dx.doi.org/10.1103/PhysRevLett.89.097601
http://dx.doi.org/10.1209/epl/i2004-10213-7
http://dx.doi.org/10.1209/epl/i2004-10213-7
http://dx.doi.org/10.1016/j.febslet.2012.12.024
http://dx.doi.org/10.1016/j.febslet.2012.12.024

www.nature.com/scientificreports/

37. Brihuega, I., Custance, O. & Gomez-Rodrguez, J. M. Surface diffusion of single vacancies on ge(111)-c(2 x 8) studied by variable
temperature scanning tunneling microscopy. Phys. Rev. B 70, doi:10.1103/PhysRevB.70.165410 (2004).

38. Chhikara, M., Gaponenko, I, Paruch, P. & Kuzmenko, A. Effect of uniaxial strain on charge scattering and drude absorption in
graphene. Manuscript submitted to 2D Materials (2017).

39. Mohiuddin, T. M. G. et al. Uniaxial strain in graphene by raman spectroscopy: gpeak splitting, griineisen parameters, and sample
orientation. Physical Review B 79, doi:10.1103/physrevb.79.205433 (2009).

Acknowledgements
This work was supported by SNSF Division II grant 200021_153174 and UniGE COINF. The authors would like
to thank S. Muller for technical support.

Author Contributions

I.G., PT. and B.Z. conceived the algorithm, B.Z. and I.G. wrote the implementation, G.R. and M.C. performed
the AFM measurements, I.G. and P.T. analysed the results, I.G. and P.P. wrote the paper, and P.P. supervised the
process. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/541598-017-00765-w

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:669 | DOI:10.1038/s41598-017-00765-w 8


http://dx.doi.org/10.1103/PhysRevB.70.165410
http://dx.doi.org/10.1103/physrevb.79.205433
http://dx.doi.org/10.1038/s41598-017-00765-w
http://creativecommons.org/licenses/by/4.0/

	Computer vision distortion correction of scanning probe microscopy images

	Distortion correction algorithm

	Correction validity. 
	Implementation. 

	Results and Discussion

	Nanoscale polarisation reversal tracking. 
	Wrinkle relaxation in strained graphene. 

	Conclusion

	Acknowledgements

	Figure 1 (a,b) Subsequent topographic images acquired on a PZT thin film, with the white scale bar representing 1 μm.
	Figure 2 Illustration of the algorithm workflow.
	Figure 3 Investigations of the domain structure of a PZT thin film whose topography is shown in (a).
	Figure 4 CVD graphene on polyethylene terephthalate imaged at different tensile strains.




