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a b s t r a c t

We propose a novel method to detect and correct drift in non-raster scanning probe microscopy. In
conventional raster scanning drift is usually corrected by subtracting a fitted polynomial from each scan
line, but sample tilt or large topographic features can result in severe artifacts. Our method uses self-
intersecting scan paths to distinguish drift from topographic features. Observing the height differences
when passing the same position at different times enables the reconstruction of a continuous function of
drift. We show that a small number of self-intersections is adequate for automatic and reliable drift
correction. Additionally, we introduce a fitness function which provides a quantitative measure of drift
correctability for any arbitrary scan shape.
& 2013 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

Atomic Force Microscopy (AFM) measures the interaction
force between a sharp tip and sample to acquire high resolution
images by serially scanning a sample area while recording these
minute interactions often at sub-nanometer resolution [1–4].
The fact that AFM achieves high resolution imaging over a large
variety of sample types and environments makes it one of the
most frequently used characterization tools in nanoscience. As
AFM mechanically detects sub-nanometer size features, its
accuracy is easily compromised by drift. Drift mainly originates
from thermal fluctuations resulting in the slow expansion and
contraction of instrument parts. Traditionally, in raster scanning
height drift, or z-drift, is corrected using flattening. Flattening is
performed by removing a low order polynomial fit from each
scan line. This rudimentary technique often results in artifacts
where sample features become partially removed or tilted.
Extracting accurate topographic data, therefore, often requires
the user to choose an appropriate combination of different
flattening techniques.

Part of the rationale for a raster pattern is that the data
samples align with a regular grid, making the data ideal for
visualizing in a pixelated image. For each data point raster
scanning requires the probe tip to be at a specific location at a
given time. But non-linearities such as hysteresis and creep
associated with the multidomain properties of high sensitivity
piezoelectric materials make this a difficult engineering task [5–
8]. We have shown that these problems can be overcome with
Sensor Inpainting techniques [9] which use advanced inpainting
algorithms [10–15] to generate accurate images based on posi-
tion sensor data, see Appendix A. The technique, furthermore,
frees scanning probe microscopy from the paradigm of raster
scanning so that data recorded along any arbitrary path can be
used to generate an image.

This enables the use of sinusoidal scan patterns that require
less bandwidth and are better suited to drive high inertia nano-
positioners [16–19]. Fig. 1 shows an Archimedean spiral as a
typical non-raster scan path. For legibility we show a scan path
with only five loops for the inward (solid line) and outward scans
(dashed line). Raster scanning typically only uses either trace or
retrace data for generating an image, but in Sensor Inpainting
100% of the data can be displayed and at least a two-fold increase
in temporal or spatial resolution is achieved. For high temporal
resolution inward and outward scans can be used separately, and
for higher lateral resolution a single image can be generated using
the data collected on the inward and outward scan together. As
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shown in Fig. 1(c) the recorded height h(t) typically contains
contributions from the tilt of the sample s(t) and drift of the
instrument d(t). In the presence of drift, the same point in space
may have different measured heights because of temporal separa-
tion. It is therefore extremely important to have reliable methods
to detect and correct drift in non-raster scan AFM. Using Sensor
Inpainting the tip is not required to follow a linear motion. As a
consequence, sample tilt does not necessarily result in a linear
feature in the recorded height time trace. Fig. 2 shows our attempt
to generalize the naïve fit-and-flatten approach to non-raster scan
paths. Fig. 2(a) shows a time trace recorded using a non-raster
scan pattern over a calibration grating with 8 nm deep features. A
continuous piecewise linear fit is overlaid. The corrected height
signal is shown in the bottom panel. It is clear that the linear
fitting distorts many of the features. Without distinguishing drift
from tilt any fitting algorithmwill potentially distort the measured
topography and result in loss of reliability. Furthermore, for a non-
raster scan it is not obvious how to best choose the length of the
linear segments for line flattening. In Fig. 2(b) we show an
Archimedean spiral scan on evaporated gold; the individual grains
are visible but rings in the raw image resulted from drift. Piece-
wise linear fitting can flatten these artifacts if the appropriate
number of segments is chosen (N¼300). The technique suffers
from the same problems as flattening techniques in raster scan
AFM where height information can easily be altered by the
flattening and having too many segments results in a loss of
topographic information (N¼3000). The requirement to find the
right flattening parameters makes the technique unreliable. In
Section 2 we introduce drift detection using self-intersecting scan
paths. Our new method requires no human interaction and is
significantly more accurate since it detects and corrects drift
independent of sample topography or tilt, unlike flattening which
convolutes drift and topography. In Section 3 we discuss the
performance the self-intersection method, and finally in Section
4 we present a summary and conclusion.

2. Drift correction using self-intersecting scans

2.1. Self-intersecting scan patterns

Our method for measuring and correcting drift is based on
measuring the height at a known position but different times. This
requires the scan pattern to self-intersect, but as Sensor Inpainting
[9] can generate an image from any arbitrary scan path, we are free
to use any suitable path. Fig. 1(a) shows the most commonly used
non-raster scan pattern: the double Archimedian spiral (DAS).
Note that inverting the Y drive signal for the outward spiral
(dashed line) maintains a counter-clockwise motion and leads to
a continuous path with no abrupt changes in scan direction and,
more importantly, it introduces two self-intersections per loop.
Fig. 3(a) shows such a spiral scan with 25 loops. The location of the
self-intersections are indicated by red dots, all of which lie on a
line. Measuring the height of a given position twice with only
small temporal separation does not give a good measure of drift,
and since thermal drift occurs on large time scales, scan paths with
intersections of large temporal separation contain information
better suited for the detection and correction of drift. In the
modulated double Archimedean spiral (MDAS) shown in Fig. 3
(b) the number of self-intersections and their temporal and spatial
distribution is increased by perturbing one spatial coordinate with
a sine wave of period equal to the scan time and amplitude of one-
tenth of the scan size. Fig. 3(c) shows a Spirograph, another type of
sinusoidal scan pattern which generates many more self-
intersections. In Section 2.4 we will introduce a fitness function
which provides a quantitative measure for drift correctability for
each of these scan forms. However, its description requires the
introduction of the least squares difference method first.

2.2. Finding intersections

The first step in using the differences method for drift com-
pensation is to find the self-intersections of the curve that
represents the scan path. For a well-defined curve in continuous
space, intersections are equally well-defined. When the curve is
represented by discrete samples, however, the problem becomes
somewhat more complex and ill-defined. As the AFM's position
sensor gives quantized information at a finite sampling rate, the
intersection detection algorithm can easily generate false inter-
sections, throwing off the differences fitting energy. To combat this
issue, we convolve each of the position sensor signals with a
Gaussian smoothing function with a standard deviation on the
same order as the smallest resolved distance by the sensors. One
solution is to compose the N discrete samples f x!ig

N
i ¼ 1 of the curve

into N�1 connected line segments joining adjacent samples
described by

Xi ¼ fð1�tÞ x!iþt x!iþ1jtAð0;1�g:
Then the line segments can be checked against each other for
intersections in OðN2Þ time by checking all possible intersections
pair-wise. For a more detailed description of the algorithm see
Appendix B.

2.3. Least squares differences algorithm

Error in the height measurement due to z-drift is locally
approximately linear and can be modeled as a smooth function
with small second derivative. This assumption together with the
existence of path self-intersections motivate our approach. Let
x!ðtÞ be a vector containing x(t) and y(t) that describes the scan
path i.e. position of the AFM probe on the sample. Using accurate
sensors to measure these positions we can assume minimal
position errors. As introduced in Fig. 1 the height signal measured
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Fig. 1. (a) Illustration of a five loop Archimedean spiral showing inward (solid line)
and outward (dashed line) scan paths. The gray hexagons illustrate recessed
topographic features. (b) Measured X and Y positions versus time. (c) The measured
height h(t) along the scan pass comprises effects from the tilt s(t), drift d(t) as well
as the real topography z(t) which we aim to recover as accurately as possible to
generate a clean topographic image.
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