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Abstract

Image stitching is a technique that can significantly enlarge the scan area of scanning probe
microscope (SPM) images. It is also the most commonly used method to cover large areas in
high-speed SPM. In this paper, we provide details on stitching algorithms developed specifically
to mitigate the effects of SPM error sources, namely the presence of scanner non-flatness. Using
both synthetic data and flat samples we analyse the potential uncertainty contributions related to
stitching, showing that the drift and line mismatch are the dominant sources of uncertainty. We
also present the ‘flatten base’ algorithm that can significantly improve the stitched data results,

at the cost of losing the large area form information about the sample.
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1. Introduction

The scanning range of commercial scanning probe micro-
scopes (SPM) is typically limited to tens of micrometres
and rarely goes above 100 um. Many industrially relevant
samples contain features with sizes that exceed these lim-
ited scan ranges. As such, there is an emerging requirement
for larger area imaging [1, 2]. For these purposes, specialised
commercial metrology systems like the nanopositioning and
nanomeasuring machine (NMM) [3] and custom built large
area metrological microscopes [4—7] were developed. Another
step to bring metrology to this area has been to develop
large area high-speed SPM systems with traceable positioning
sensors to measure the motion of the positioning stages used
in the microscope [8—10].
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5Y terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

With control of the scanner’s motion together with full
knowledge, through measurement, of all scanner movement
in all degrees of freedom within the microscope, no spe-
cific stitching algorithms are needed and data can be merged
in a consistent xyz point cloud. However, use of only these
instruments, would, in practice, limit large area measurements
only to very specialised, complex and expensive but accurate
SPMs that measure all movements e.g. with inbuilt interfer-
ometers. An alternative is to use a conventional SPM that is
equipped with a coarse positioning stage in order to obtain sep-
arate images of neighbouring regions. Although these regions
may not have a common frame of reference due to imper-
fect coarse stage positioning, they may be ‘stitched’ i.e. joined
together using algorithms to form one continuous image. If
stitching can be used together with an understanding and
quantification of the contributions to the measurement uncer-
tainties that are related to the stitching method, large area
measurements can be performed with a much wider class of
instruments.

Such methods can also easily be used when combined with
high-speed SPM imaging, which is designed to provide tens
to thousands of full frames per second [11-14]. Individual

© 2024 The Author(s). Published by IOP Publishing Ltd
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high-speed SPM images are typically small (in the order of
micrometers), and more stitching is needed if we want to cover
larger areas.

Image stitching is commonly used in various scientific
fields, e.g, in life sciences [15—18] which include SPM image
processing. In most cases, a least squares global optimisa-
tion is used to obtain the optimum stitching parameters.
Nevertheless, details on the implementation of the stitching
process are rarely provided. Moreover, the effects of errors
or the handling of scanner imperfections are not quantitat-
ively considered in the literature, and many of the stitching
algorithms presented are meant for qualitative imaging and
general use without taking into account factors specific to a
particular type of instrument.

Usually, the most pronounced systematic imperfection in
SPM data is the presence of scanner background, a resid-
ual of non-ideal performance of the scanner’s linear guid-
ance system, or its imperfect compensation [19-21]. When
an individual image is acquired from a scanning probe micro-
scope that uses a tube scanner for lateral motion, this error
typically produces a bow in the range of tens of nano-
metres for lateral scanning in the range of tens of micro-
meters. It is usually corrected in the data post-processing
phase. However, when attempting to stitch multiple overlap-
ping images, the impact of scanner background arises as dis-
cussed below in more detail. Moreover, the level of various
parasitic errors in high-speed scanners can be larger [22],
which makes the potential impact of this effect even more
pronounced.

With the current interest in quantitative and correlative
microscopy, there is a need to understand and quantify how
image stitching may affect the evaluation of results from
stitched images and how stitching contributes to measurement
uncertainty. In this paper, the details of a stitching imple-
mentation in Gwyddion open source software are discussed,
including the aspects of determining the scanner background
in parallel to stitching as illustrated in figure 1. The accuracy
obtained using both simulated and real samples is investigated
in order to consider how factors such as image overlap impact
the resulting accuracy.

To demonstrate the potential benefits of stitching when used
with different classes of metrological instrumentation, three
configurations suitable for the acquisition of stitched data were
considered:

o Commercial SPM systems with coarse positioning stages
and metrological traceability provided via calibration
samples,

e A combination of commercial SPMs with upgraded coarse
positioning stages featuring traceable sensors and

e Fully interferometric, high-speed large area metrological
SPMs.

We also compare the results of stitching on one of the above
mentioned experimental configurations with direct large area
measurements on a fully interferometric large area metrolo-
gical SPM system.

2. Experimental arrangement

2.1. Commercial SPM with stepper motor coarse positioning
stage

As an example of a commercial instrument, a Dimension Icon
SPM from Bruker was used in tapping mode with RTESPA-
525 probes. The SPM’s stepper motor based coarse motion
stage was used to move the sample between locations for indi-
vidual AFM images. This instrument is located at the Czech
Metrology Institute (CMI).

2.2. Commercial SPM with interferometers used to set the
position of the coarse positioning stage

National Metrology Institute VI T Mikes (VTT) used a Jupiter
XR large sample atomic force microscope (AFM) from
Asylum Research. The microscope used stepper motors for
the coarse XY stage positioning and piezoelectric actuators for
XY scanning. The AFM has been upgraded to use interfero-
meters to set the position of the coarse positioning stage. Two
interferometers for the XY axes using two mirrors with a cus-
tom designed support for the mirrors have been added to the
AFM. The interferometers, type C04 from SmarAct, have a
fibre-coupled input and output. The interferometer configura-
tion has been designed to minimise the Abbe error. The custom
support ensures that the configuration is still able to accom-
modate wafers up to 200 mm in diameter. The standard uncer-
tainty of the interferometric measurement was smaller than the
pixel size in the acquired AFM images.

2.3. Fully interferometric high-speed metrological SPM

Measurements at the National Physical Laboratory (NPL)
were carried out using the NPL high-speed atomic force
microscope (HS-AFM) [9]. The HS-AFM comprises a flex-
ure stage that can scan over an area up to 5 X 5um at a line
scan rate up to 1 kHz in the lateral axes. This high-speed stage
is mounted on a three-axis slip stick stage that is used for wide
area scanning, coarse positioning and sample approach. The
HS-AFM operates in an open loop contact mode using a meth-
odology developed at the University of Bristol [23].

The stage and cantilever position are both measured using
NPL designed optical interferometers. The combined lateral
position of the high-speed and coarse positioning stages is
measured using NPL Plane Mirror Differential Interferometers
[24] whilst the cantilever position is measured using a basic
Michelson interferometer set up. Because the lateral interfer-
ometers are differential, the interferometers measure any rel-
ative drift between the coarse and fine stages in the X and Y
axes. The cantilever position measurement is not differential
so additional processing is required to remove the high-speed
stage background and non-ideal vertical motion in the coarse
stage.

For the measurements presented here, the high speed stage
was scanned over an area approximately 4.5 x 4.5 um at either
700 Hz or 1 kHz in the x axis and at 1 Hz in the y axis. Data
was recorded at 2 MHz. Two seconds worth of data was saved
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Figure 1. Overview of the stitching procedure.

for each ‘frame’ meaning there were 4 million data points in
each image, giving a lateral resolution of ~3 nm. Data was not
recorded whilst the coarse positioning stage was moving.

2.4. Large area SPM

For reference measurements, scanning over large areas
without any stitching, a SIOS NMM was used [3]. A total
of 4001 profiles were scanned over the area of 550 x 400 um
(resolution was 50 x 100nm). Measurement was performed in
a contact mode using an open hardware controller, Gwyscope
[25] and Nanosensors PPP-CONTR AFM probes. Scanning
speed was 50 ums~! hence the overall scan took more than
28 h. The NMM measurements were performed at the Central
European Institute of Technology (CEITEC).

2.5. Samples

A ‘MetExSPM’ sample was measured at CMI and VTT. It
was manufactured by Physikalisch-Technische Bundesanstalt
in the framework of the EMPIR MetExSPM project as a large
area SPM test structure. The sample consists of focused ion
beam manufactured structures (logos of MetExSPM project
partners) on a silicon substrate.

The samples measured at NPL were a numbered grating
and a flatness sample. The numbered grating was produced
within the EMPIR BeCOMe project jointly between NPL and
the University of Cambridge. It consists of a nominal 25 pum
grid with each square on the grid containing a unique pair of
hexadecimal numbers to indicate position. The flatness sample
was a commercially produced product (NanoSensors FLAT)
which is specified to be flat to within 10 nm over a 100 um
area.

3. Methodology

3.1. Data organisation

The data organisation and processing description refer to the
implementation in Gwyddion open source software for SPM
data analysis [26]; however, the described algorithms are gen-
eric and could be applied elsewhere.

SPMs usually store data as a set of points placed on a
regular grid and most of the data processing algorithms are

designed to work with such data. Even when it is possible to
work with general XYZ data [27], e.g. on metrological sys-
tems featuring interferometers, data is normally rasterised so
that the full functionality of Gwyddion can be utilised (some
XYZ data processing is possible without rasterisation).

In Gwyddion, rasterised SPM data sets that should be pro-
cessed together are represented as volume data, where each
individual layer corresponds to one image in the set (also
called an image stack). This creates some limitations: data in
the image stack have to have the same physical and pixel res-
olution, but this limitation simplifies the development of data
processing and visualisation routines.

In order to stitch the data, it is necessary to determine
the lateral positions of individual frames in the image stack,
at least approximately. The image stack has therefore to be
accompanied by two datasets (in Gwyddion represented as
graph curves) in which the X and Y lateral positions are
stored. Such data can be obtained from the coarse position-
ing stage or from additional interferometers, depending on the
instrument.

3.2. Data pre-processing

SPM data can rarely be used without any pre-processing. As
a minimum, tilt in the data related to sample mounting and
microscope axes orientation has to be removed. When it comes
to processing whole image stacks, these methods need to be
automated (manual intervention is not possible) and ideally
should treat the entire image stack. For these purposes, image
stack functions were added to Gwyddion to enable operations
such as removal of the mean plane from all the frames or FFT
filtering of all the frames in the same way. Such routines can
also be used to process data that does not require stitching, e.g,
when using HS-AFM to investigate the evolution of a sample
over time.

A specific automated routine that was used for processing
some of the data in this paper is called ‘flatten base’. It was
found to be very efficient for images of discrete objects on
a flat background. The procedure attempts to maximise the
sharpness of the dominant peak in the height distribution,
which is assumed to correspond to the flat surface. Therefore,
a narrower peak means better scanner background removal as
a perfectly flat surface would correspond to a §-function peak.
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The sharpness maximisation has two stages, each consist-
ing of several iterations of a levelling operation. The first oper-
ation is ‘facet levelling’ [28], which finds the normal to the
surface plane by analysing local normals to the surface and
computing their weighted average. For a surface with bars
or terraces this is a more suitable strategy than the stand-
ard mean plane subtraction. The second operation is polyno-
mial background subtraction with masking. Masking is used
to exclude pixels with values greater than three standard devi-
ations larger than the peak mean, assuming they do not belong
to the flat base. The background polynomial degree starts at 2
and is gradually increased. The reason for this is that the ini-
tial iterations may construct relatively poor masks. However,
with a low degree polynomial, the flatness is still improved.
Subsequent iterations, with higher degrees, are then also able
to better separate the data into a flat base and the object pixels.
Importantly, the result of each iteration is accepted only if
it makes the dominant peak narrower. Otherwise, the corres-
ponding stage terminates.

3.3. Stitching

If the lateral positions of all the images in the stack were known
and all the z values had the same nominal reference plane, data
could be stitched easily by placing them on a single large grid.
This, however, is usually not the case. Both lateral and z pos-
itions can, to some extent, be wrong due to the poor accur-
acy of the positioning stage, the approach and withdraw cycle
between individual images, or drift. The goal of the stitching
procedure is to find the ideal placement of the frames to min-
imise these errors. The procedure is performed separately for
the xy and z directions since the xy alignment can be done inde-
pendently of the z alignment.

The xy alignment has two steps. First mutual xy offsets of all
pairs of overlapping images are found using cross-correlation
(which is insensitive to the z offsets). The number of overlap-
ping pairs is usually higher than the number of independent
offsets. For N images, there are only N — 1 independent off-
sets, for instance positions of images 2,3, ..., N with respect to
the first image. The number of overlapping pairs is often close
to 4N, making the problem overdetermined. Therefore, in the
second step, independent offsets are found by minimising the
% norm of differences between mutual offsets obtained from
cross-correlation and mutual offsets computed from the N — 1
independent offsets, which is a simple least-squares problem.

The z-axis alignment procedure is more complex because
it has to simultaneously determine the z offsets and scanner
background. It assumes that the xy alignment is already known,
as it is normally preceded by xy stitching. Denote A,, , the
unknown mutual z-shift between the N images m and n. The
shifts A, , are not independent because A, + Ag = Ay
for all k, m and n. Therefore, we introduce a set of N — 1 inde-
pendent shifts A; between consecutive images j and j + 1, from
which A,, , are expressed

ey

The common background is described by a polynomial p(x,y)
of degree g and it is tied to the position of the scanning sys-
tem used for the high resolution scan. For an image scanned
at location (xg,yo) the polynomial representing the common
background becomes p(x — xq,y — yo).

To find the z-shifts A; and coefficients of the polynomial
p, minimise the sum of squares S expressing the mismatch
between all pairs of images after z alignment and background
subtraction

§= Z [(me)‘ *P(ny) - AO,m)
m,n,x,y
— (zn+ A v+ Ay — P (X DX,y + Aymn) = Do) | 2
(2)

where x and y Ax, , and Ay, , are lateral offsets between
images m and n. In other words, image pixels offset by Ax,, ,
and Ay, , represent the same location on the sample in the
two images. The summation is done only over pixels where
the images overlap.

Since S is quadratic in the free parameters, z-shifts A; and
coefficients of the polynomial p, minimising S is a linear least
squares problem. However, the parameters are not independ-
ent. The absolute surface height is undefined (arbitrary) and,
therefore, one of the z-shifts has to be fixed to obtain a unique
solution. Furthermore, the constant and linear terms of p are
not independent of the z-shifts and cannot be uniquely determ-
ined as any of them can be replaced by a suitable set of z-
shifts. It is because the difference p(x,y) — p(x — xo,y — yo)
is a polynomial of a lower degree than p (by one degree in
the general case). Therefore, the constant and linear terms
are also excluded from the fitting, reducing the number of
free parameters to (¢ + 1)(g +2)/2 — 3. A global mean plane
background has to be subtracted after stitching (if required).
In total for a polynomial background of degree ¢ we have
N—1+(g+1)(g+2)/2 -3 independent free parameters.

The minimum of S is found by setting the derivatives of S by
free parameters to zero. This leads to two types of equations.
Differentiating by A; gives fori € {0,1,...,N—2}

i—1 N—1 n—1

D00 D CA)ED prcPr

m=0n=i Xx,y j=m

i—1 N—1

= Z Z Z (2t Axy+Ay = Znxy) 5

m=0 n=i x,y

3

where polynomials P,  are the differences of monomials
x°y"~* evaluated at the two image locations

S\ ,F—S

Py = (x4 Axpn) (04 Aymn) " —xy 4)

for r€{2,3,...,9} and s € {0,1,...,r}. For instance, for a
2nd degree polynomial background, p(x,y) = ax> + by* + cxy
and

P, =2xAxy,+ Axﬁm 5)

Pb - ZyAym,n + Ayyzn,n (6)
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Pc = XAxm,n + yAym,n + AXm,nAym,w (7)

The x and y summations are always done over the overlap of
images m and n (and the sum is empty if images m and n do
not overlap). It is necessary to sum for all m smaller than i and
all n equal or larger than i to ensure that all unique pairs of
images (m, n) that include A; in the equation for their respect-
ive heights occur exactly once.

Differentiation by polynomial coefficients p, , of polyno-
mials P, gives the further (¢ + 1)(g+2)/2 — 3 equations

N—1N—1 n—1

ZZZPV7S Z (_Aj) + mepr,s

m=1n=1 x,y j=m

N—1N-—1

= Z Z ZP’J (Z”7X+Ax=>‘+Ay - Zn,x,y) . (3

m=1n=1 x,y

The complete set of equations can be solved for instance using
the Choleski algorithm.

4. Results and discussion

4.1. Performance on synthetic data

In order to test the performance of the routines synthetic SPM
files representing realistic, but exactly known surface topo-
graphies were used [29]. A 50 x 50 um, 600 x 600 pixels large
surface was generated, featuring different typical objects in
SPM data: locally smooth objects generated using the ‘partial
differential equations’, Gwyddion modules (PDEs); random
roughness generated using the ‘spectral synthesis’ module;
and a diffraction grating generated using the ‘pattern’ mod-
ule. The height scale of the topography was adjusted to set the
areal surface texture parameter Sq (root mean square height)
to 100 nm roughness of Sq = 100 nm. The generated surfaces
can be seen in figure 2. Additionally, a flat surface sample was
used.

Image stacks were generated from the synthetic surfaces
by cutting them into 4 x 4 tiles, with defined overlap size.
Image stack data were altered by introducing some defects in a
defined way, e.g. by adding lateral shift, adding line mismatch,
and the whole image stack was stitched back to form a surface
area of 50 x 50 um.

The differences between generated data parameters (topo-
graphy, roughness, image shifts, polynomial background) and
estimated parameters from the stitching process were evalu-
ated. This process was repeated 500 times with random real-
isations of the introduced defects and the results were statist-
ically analysed.

From the simulations it can be seen in figure 3 that for ideal
data, the z stitching errors (including estimation of polynomial
background terms) are negligible compared with any SPM
uncertainties—even for only 2% image overlaps the relative
errors in the polynomial coefficients are below 1 x 107>%. It
should be noted that to obtain the polynomial coefficients in
both lateral axes, it is necessary to perform stitching in both
lateral axes, otherwise some coefficients are undefined.

When scanning defects are added, as in the case of real
images, the stitching errors increase considerably and cannot
be ignored. Four types of defects were considered, all affect-
ing the data in the z direction: random noise, line mismatch,
random line tilts, and exponentially decaying drift. All these
effects can often be seen in SPM data and all but the random
noise are removed using a line alignment algorithm. When it
comes to data stitching, use of such algorithms would also
remove information about the scanner background. Moreover,
in many cases, such algorithms must be used with care as they
can introduce artificial defects in the data.

To simulate the impact of defects, we used the same syn-
thetic image stack, again divided to 4 x 4 tiles, but now, after
cutting the individual tiles, a particular defect was introduced,
individually to each tile. To introduce the line mismatch, we
used a random walk algorithm, shifting each fast scan axis
profile in z by an amount determined from the previous pro-
file shift and a random number with Gaussian distribution. To
introduce the line tilts, each line was tilted independently by
some angle, coming from a Gaussian distribution. A z axis
drift was added by adding an exponentially decaying value to
the height, oriented along the slow scan axis, with the initial
value coming from Gaussian distribution and half decay length
being a quarter of the image size.

The overall impact of the distortion was evaluated by
applying the same process on a flat surface and evaluating
the roughness S, that was introduced by the applied defects.
This quantity was used as a measure of the defect impact
on the data. By increasing the particular Gaussian distribu-
tion widths and evaluating the difference between nominal
polynomial parameters and determined polynomial paramet-
ers we obtained the relative errors of the determined poly-
nomial coefficients shown in figure 3. We can see that the
dominant defects affecting the background estimation are line
mismatch and z axis drift. Both these defects mostly affect
the y direction parameters of polynomials as they do not dis-
turb the shape of profiles in x direction. The other two defect
types, line tilt and uncorrelated noise, have a minor impact
on the accuracy, but affect the polynomial coefficients in both
directions.

While the polynomial background estimation also works
well for very small overlaps, the lateral shift detection is
affected significantly more by the overlap size. As the cross-
correlation algorithm is used for determination of the lateral
shifts of individual image pairs, the overlaps need to have reas-
onable size compared to the scale of characteristic features.
In figure 4 an example of stitching error is shown, demon-
strating that the stitching errors are deeply sub-pixel if the
image overlap is higher than 15 percent. This depends on
sample character—if flat areas with minimum details are in
the sample, like on the grating, the stitching errors grow for
small overlaps.

4.2. Commercial SPM

To demonstrate the algorithms’ performance for processing
data from a commercial SPM, 31 images of the MetExSPM
sample were measured. The stitched result is shown in
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Figure 3. Relative errors of determined polynomial coefficients for 2nd order polynomial background for different defects introduced and
different types of surfaces. Image overlap was 1/3 of the frame size, surface roughness is 100 nm.

figure S(notice that the lateral scale is in millimetres and the
height scale is in nanometres).

The lateral image size was (90 x 90 um). The frame-to-
frame lateral offset was about 70 pm, and was determined by
the stepper motors. The lateral positions of the frames determ-
ined by stitching showed that the error of the stepper motor
positioning was about 300 nm.

To compare the shape of the stitched image with a more
accurate measurement, the NMM was used to provide a meas-
urement over the whole sample area without a need to stitch.
The residual errors in the z-direction after stitching have a
maximum height of 1 nm and are still noticeable as slight
discontinuities in the image. These residual errors give an
indication of the effectiveness of the stitching routine. After

subtracting the two images, residual errors can be seen in
more detail; however, the subtracted result was also affected
by higher roughness coming from the NMM measurement
(1.2 nm S, on NMM vs. 0.5 nm S, on the same area when
measured by Dimension Icon). Nevertheless, it can be seen
that the biggest errors in the stitching process were in the bot-
tom part of the image where the individual images already fea-
tured a lot of defects (horizontal lines and jumps).

Using the stitching process discussed above, the scanner
background can be analysed as well. In figure 6 the back-
ground obtained while stitching the MetExSPM sample data
is shown and compared with the background determined dir-
ectly from repeated measurements on a flat silicon surface and
subsequent polynomial fitting of the mean image.
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The parabolic background shape could be expected as a
result of some uncompensated residual errors of a tube piezo
scanner. It can be seen that the backgrounds are not exactly
the same. The biggest problem in data stitching seems to be
the presence of z drift which affects the apparent background
shape in the slow axis direction. Even if the drift is in the range
of nanometres, it affects the determination of the background,
which is also in the range of nanometres and could explain the
differences observed in figure 6.

On the other hand, when performing the scanner back-
ground analysis on a flat surface, slightly different results
are obtained (up to 10 nm of difference) even if the ana-
lysis is done at different z levels with respect to the full scan-
ner range. As the z drift is typically not the same for all
the images in the set, flatten base or other similar algorithm
focusing on background removal in each frame independ-
ently can be more effective, even if it loses the background
information.

4.3. Commercial SPM with interferometers

As an example of an upgraded commercial instrument, meas-
urements were performed on a Jupiter AFM equipped with
interferometers at VIT (see section 2.2). The same type of
sample was used as in the preceding section (MetExSPM
structure) and ten images (100 x 100 wm) were acquired with
80 um separation in x and y.

Figures 7 (A)—(D) show an individual frame, the estimated
background and the stitched image using a polynomial back-
ground removal and the flatten base algorithm respectively. It
should be noted that while the stitching errors are visible in
the image, they are less than 2 nm when evaluated from the
apparent edges between individual frames.

These stitching imperfections could be attributed to ima-
ging imperfections (drifts, scars, line-to-line jumps) that

0.0 mm 0.1 0.2 0.3 0.4

Figure 5. Commercial SPM data stitching compared to NMM
results. From top to bottom: NMM reference measurement, stitched
data from Dimension Icon and difference between them. Red mask
shows the areas that were not measured on Dimension Icon.

affected the polynomial background estimation. It can be seen
that the estimated scanner background is very different from
the background on the commercial microscope discussed in
the preceding section, which is related to a different construc-
tion of the scanner (separate xy and z axes).

As the slow scan direction was oriented from bottom to
top, a large part of the estimated background can be attrib-
uted to mechanical or thermal drift after going into contact.
By performing stitching without background estimation and
using the flatten base algorithm to pre-process the data, stitch-
ing residual errors can be reduced to below 0.2 nm, i.e, approx-
imately ten times smaller. This, however, means that any real
large area background or information about the sample form
would be lost.
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Figure 6. Commercial SPM scanner background determined from stitching (A), background determined from a series of measurements of a

flat surface (B) and their difference (C).
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Figure 7. Stitching result from a commercial SPM with added interferometers: (A) sample image, (B) estimated polynomial background,
(C) stitched result using polynomial background and (D) stitched result using flatten base algorithm. Red mask shows areas that were not

measured.

As the absolute positions of the images in the set are
determined by the interferometers, the lateral stitching res-
ults can be compared with the interferometer positions. This
can be used to estimate a residual error in the microscope
calibration. The dependence of the average lateral stitching
shifts estimated for different additional calibration factors is
shown in figure 8. While the accuracy of the estimated cal-
ibration factors in this particular data set, with a small num-
ber of stitched frames and quite flat topography, cannot be a
substitute for a proper microscope calibration, the method can
be used to transfer the traceability to the microscope scanner
motion, albeit with uncertainty.

4.4. Metrological HS-AFM system

To show the methods’ performance on a metrological
high-speed SPM, two datasets were used that were obtained
using the NPL HS-AFM showing topography of a numbered
grating and a flatness standard. Examples of high-speed frames
on both samples are shown in figure 9.

As the instrument uses interferometers to read the lateral
positions of all the data points (combined positions of the
coarse and fine stages), data from individual images should be
ideally treated as a XYZ data set and simply merged together.
However, as both the coarse positioning and high-speed stages
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Figure 9. Individual frames from the numbered grating and the flatness standard measured by the NPL high-speed metrological AFM.

feature some unwanted z axis motion that is not currently
measured, stitching in the z-axis is still required.

This was used as an opportunity to stitch a large data-
set with relatively high levels of imperfections coming from
high-speed scanning. Therefore, the individual frames were
rasterised back to the regular grid, creating an image stack,
using the centre positions as a guide for stitching using the
same stitching methodology as for the data from the other
microscopes.

The stitching process and stitching results for the numbered
grating are illustrated in figure 10. When the nominal frame-
to-frame lateral offset was 3 um while the frame size was 4 x
3.4 um, It can be seen that even with relatively small overlaps
in the y axis, the stitching process works well.

The polynomial scanner background can also be estimated;
however, as it can be seen from figure 9, backgrounds in high-
speed images can be quite complex, containing also a non-
negligible amount of vibrations coming from the scanner or
cantilever, seen as vertical stripes, so a polynomial background

contains both part of the mechanical vibration effects and the
real scanner non-flatness.

A more detailed measurement is shown in figure 11, where
just part of the grating was measured with higher overlaps
(frame to frame lateral offset of 1 um).

To investigate the performance of the scanner background
subtraction methods further, a flatness standard measurement
was used, shown in figure 12, together with the effects of dif-
ferent methods for background subtraction. It can be seen that
polynomial background subtraction leads only to partial cor-
rection of the imperfections coming from the scanner. Using
a mean frame as a background led to very similar results. The
reason for this is that the background changed slightly during
the scan. There is no single background image that could cover
all these effects. This is why the average background (evalu-
ated as a mean of all the images) does not help with stitching.

The best result was obtained when a flatten base algorithm
was used for correction of all the individual frames. Even
though it is still possible tosee some stitching residuals, the
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oum 2

234 nm
| 220

|"200
["180
160

140

Figure 11. NPL numbered grating detail: raw stitch (left), polynomial
background (inset).

resulting surface roughness in areas not containing visible
dust particles is only 0.32 nm. However, flatten base is still
a polynomial background subtraction method, it is just a bit
‘smarter’ with respect to specific features on the surface. Any
polynomial background subtraction removes (or substantially
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opm 2 80
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40

Il

background based stitch (right) and the detected polynomial

20
0

suppresses) the long-wavelength components, regardless of
whether they originate from scanner imperfections, sample
form, or large scale roughness (waviness). They are all
described by the same low-degree polynomials and, in gen-
eral, impossible to separate.
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Figure 12. NPL flatness sample result for different background
subtraction methods.

5. Conclusions

As with other types of microscopy, image stitching is
an alternative to large area scanning for scanning probe
microscopes. Using stitched images, an extremely large sur-
face area can be imaged even with a commercial SPM that has
a limited scan area. Factors affecting the limit of image size
include performance of the larger mechanical loops, motion
stage ranges and data storage capacity. The work in this paper
has shown that:

(i) When data are stitched together, additional information
can be extracted, e.g. related to the image scale and coarse
sample positioning sensors’ accuracy.

(i1) The ability to use stitching methods and their effect on
the final accuracy of measurement is, not surprisingly,
affected by the quality of the input data. The most crit-
ical problem is thermal and mechanical drift in the z axis
during individual frame’s acquisition and its evolution in
time, which directly translates to the accuracy of stitched
datain z.

(iii) When evaluating scanner background, other typical error
sources, such as jumps in the z direction or line mismatch,
should be minimised, as their correction can affect the
estimated scanner background. Even if these effects were
partly observed, stitching can provide results with errors
in the single nanometre range.

(iv) Local data correction methods, like background flattening
techniques, could also be successfully used if the user does
not want to measure the scanner background during the
stitching process. This, however, means that the result will
have a flat background regardless of the real shape of the
sample, which is acceptable if we want to evaluate local
roughness or lateral dimensional quantities, but unsuitable

1

if we focus on sample form or waviness. As such, it must
be used with care and the user made aware of the caveats
and limitations associated with its use.

(v) In the lateral direction, the lack of features for cross-
correlation and image overlaps that are too small are the
most significant sources of error. Use of interferometric
sensors for the readout of coarse lateral positions in a
coarse-fine stage system adds the possibility of creating a
traceability link between positioning stages in the system,
which in principle can be simpler than when calibration
samples are used; however, care must be taken to consider
the effects of interferometer non-linearity and the geomet-
ric configuration.

(vi) The large impact of z drift on the stitched data highlights
the benefits of using high-speed SPM systems where indi-
vidual frame measurements are performed fast enough
to be almost drift-free. Even if the use of high-speed
scanners creates additional challenges in minimising the
mechanical vibrations, some part of these errors can be
removed using a higher order polynomial background dur-
ing stitching.

In summary, although stitching performance cannot beat
that of fully metrological long-range systems, it has many
benefits, offering a cost effective fast alternative that supports
many applications of large area SPM imaging.
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