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ABSTRACT
Very accurate measurement of distances in the order of several jim is demonstrated on a single crystal Si
ORIGINAL RESEARCH sample by counting the lattice fringes on stitched high resolution TEM/STEM images. Stitching of TEM
images commonly relies on correspondence points found in the image, however, the nearly perfect
PAPER periodic nature of a lattice image renders such a procedure very unreliable. To overcome this difficulty

artificial correspondence points are created on the sample using the electron beam. An accuracy better
than 1% can be reached while measuring distances in the order of 1 um. A detailed description of the
process is provided, and its usability for accurately measuring large distances is discussed in detail.
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INTRODUCTION

The evolution of materials science and device technology led to very accurate control of thin
film growth and deposition rates. A need for direct measurement of film thicknesses and
large distances is obvious, however, the accuracy of modern microscopes is usually around 1-
2%. This accuracy is only achieved if strict imaging requirements are met regarding sample
height and defocus. This may be improved by the use of accurate calibration standards like
the commonly known Mag*T*Cal standards [1] but in some applications (e.g. the
manufacturing of such calibration standards) more accurate measurements are desired.

Very accurate measurements can be carried out when the distances in the image are
calibrated against a known lattice period. This way the accuracy will be better than one lattice
period, however the distance is limited to the field of view. In practice this means ~2 A
accuracy over a distance of 40-80 nm = 400-800 A which will result in a <0.5% relative
accuracy. As the field of view is limited to 40-80 nm for lattice images on most microscopes
this method is limited to measuring distances fitting into this area. A few more limitations
need to be observed: the lattice period must be known accurately (variable composition al-
loys, high strain and similar are not allowed) and the microscopes image distortion needs to

be corrected if measurements/calibration is carried out in the outer regions of the image.
For measuring larger distances one needs to carry out multiple calibration steps to ensure
accurate measurements on smaller magnifications where the lattice is not resolved. As each
step has its own error accuracy is deteriorating with increasing distances and decreasing
*Comresponding author. magnifications. In case the sample is single crystalline with a reasonably resolvable lattice
E;]?fg'il; ::?:;Eu.gyorgy Zoltan@ over the distance to be measured one has the option to record multiple images and stitch

o them together and make an accurate calibration against the stitched lattice image.

Stitching of micrographs is a commonly used technique for detailed imaging of large areas
’j [2], however the methods commonly used are not suitable for perfectly periodic images as

Journals crystal lattices. The main difficulty of this process is that a perfect lattice will not have easily
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identifiable correspondence points to be used for stitching.
These are indeed needed, so artificial stitching marks must
be created on the atomic scale. Fortunately modern trans-
mission electron microscopes have condenser systems
capable of producing very sharp electron beams which will
burn through most materials upon exposures ranging from a
few seconds to a few minutes depending on condenser
system settings, sample material and thickness. A reasonably
thin Si sample for HRTEM imaging requires 10-30 s
exposure for a hole formation with spot size 3 (used for
HRTEM imaging) and about 3 min with spot size 8 (used for
STEM lattice imaging). As the sample is exposed to a sharp
beam carbon contamination often builds up near the illu-
minated spot. These small carbon heaps as well as the holes
burnt by the electron beam can be used as artificial stitching
marks.

In this work the creation and use of such artificial
stitching marks is described and an example on measuring a
distance larger than one micron is presented.

EXPERIMENTAL

Thin sections of a Si based structure were prepared by
conventional Ar ion milling [3] with 10 kV accelerating
voltage for rough milling and 3 kV for final polishing. The
structure consists of Si and SiGe layers of various thicknesses
grown epitaxially onto a Si (100) wafer. The interfaces be-
tween the layers are accurately parallel with the (100) sub-
strate surface, a uniformity of the layer thicknesses is
assumed. The thin section for TEM imaging was prepared
with {110} surfaces constraining the electron beam near to
<110> direction within the crystal. Samples were imaged by
a Thermo Scientific Themis 200 image corrected trans-
mission electron microscope operated at 200 keV and used
in STEM mode. A standard double tilt sample holder
allowed accurate alignment of the sample. Initially the thin
sections were screened to find large areas that have the same
crystallographic orientation throughout, and are reasonably
uniform in thickness. The required uniformity in crystallo-
graphic orientation is unfortunately only found in thicker
(~100 nm) areas, however if the sample is reasonably well
prepared (surfaces of the sample are nearly parallel) these
areas will still be suitable for lattice resolution imaging over
distances of a few [im. It is important to note here that only
the lattice period is needed for calibration purposes, hence
low quality lattice images of thick, contaminated and
somewhat misaligned areas are satisfactory.

Once the area was selected a series of overlapping images
were recorded with uniform magnification. Before recording
an image a correspondence point was created at the corner
of the image as shown on the chart presented in Fig. la. The
sequence for recording the images was as follows:

1. recording image N-1 (with a freshly burnt hole at the
corner towards the next image)

2. shifting the sample so that the last hole is still within the
field of view near the opposite edge.
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Fig. 1. (a) Schematic illustration of the overlapping image frames
and alignment (stitching) marks described in the experimental
section and (b) an overview image of the Si layer that was measured
by our method. A series of stitching marks burnt in the sample
throughout its entire thickness is also visible. These were the
stitching marks used to align individual frames to each other

3. Burning a new hole with the electron beam
4. recording image N

The imaging mode of the microscope can be freely
selected provided that a reasonable lattice image is obtained.

RESULTS AND DISCUSSION

Images were recorded as described above along a line across
a 1.2 pm thick Si layer. The nominal magnification of the
images is 1,963,000X and the resolution of the HAADF
images is 1,024 X 1,024. The stitching marks are seen in an
overview image shown in Fig. 1b. The first three high res-
olution images (starting from the top of the film) are pre-
sented in Fig. 2, with a detailed view on the alignment
marks.

From the images we can conclude that the alignment
marks are easily distinguished and seem suitable for accurate
alignment. In our experience manual alignment is most
often carried out with fair certainty, however, in some cases
the uncertainty is about one or two lattice fringes. Here we
note that only uncertainty along the surface normal causes
error in the final thickness measurement, and this is esti-
mated conservatively 2 fringes/image. In this case the lattice
fringes i.e. rows of bright features parallel to the substrate
surface are 1/2 ag; = 0.2716 nm apart corresponding to the
(002)s; maximum in the Fourier transform of the image.

The error of the measurement will depend mainly on this
type of error, as the lattice dimensions are accurately known
and counting lattice fringes should also be carried out
without errors.

For this demonstration the images were manually
aligned and the lattice fringes were counted manually. Of
course many software applications and algorithms are
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Fig. 2. Lattice images with stitching marks. The first 3 lattice images
in the series are shown here with the stitching marks in detail.
Stitching marks extend to an area about 10-20 lattice fringes with
much smaller details making accurate alignments possible

available to carry out this alignment, and the lattice fringes
are also easily counted on an intensity profile extracted from
the stitched image. Finding the rough position of an align-
ment mark can be done by searching for extremes of the
intensity on a blurred image (or quarter of the image as the
alignment mark is surely within a specific quarter of the
image). Then the neighborhood of this position can be used
for alignment based on Normalized Cross-Correlation,
(NCQ). It is important, however, that large enough areas of
the lattice image are included to guarantee proper matching
of the lattice in the neighboring images.

Determining the number of the lattice fringes can be
done either by fitting a cosine function on each image and
calculating the number of periods between the two align-
ment marks or by extracting a relatively wide intensity
profile from the stitched image and counting minima/
maxima with an appropriate algorithm.

In our case the automated alignment failed in some cases
hence the results presented below are based on manual
alignment.

The stitched image is not shown here as it is too large
to include. Please refer to the Supplementary Material for
this image. The image consists of 28 individual frames of

Brought to you by Wigner Research Centre for Physics | Unauthenticated | Downloaded 09/03/21 05:27 AM UTC

which 26 are needed to cover the uppermost layer. The
first interface from the top surface of the structure is at
3,758 lattice fringes distance corresponding to a layer
thickness of 3,758%0.2716 nm=1,020.6728 nm with an
expected error of sqrt(25)* 0.5431 nm =2.72 nm and a
0.27% relative error. It is important to note here that some
images had poor quality and needed noise filtering to make
manual counting of the lattice fringes possible. The file
provided in the Supplementary Material contains both the
original and filtered images with the exactly same align-
ment as layers.

The result can be compared to the usual accuracy of the
microscope magnification calibration which is around ~2%
for a modern microscope. Furthermore the stitched image
will have a much higher resolution than a single image with
the same field of view making more accurate measurements
possible (depending on the size of the details that are used as
endpoints in the distance measurements).

In case the sample is bent or strained the lattice image
can be recorded with individual tilt correction for each
frame. This way the original layer thickness (or any other
distance within the single crystalline structure) can be
measured rather than the actual physical distance influ-
enced by sample bending or warping. As bending or
warping of the thin sections is a common artefact of ion
milling it is very important to note that the method pre-
sented here will not be influenced by this type of artefacts
as long as their effect can be neglected within one lattice
image frame.

As mentioned above the alignment marks are burnt
into the sample by a focused electron beam. The process
is slightly different for TEM and STEM modes. In STEM
mode the beam is always focused and it can be arbitrarily
positioned within the field of view. The user only needs to
set the position and switch on the beam without scanning
for a predetermined time. In TEM mode the user needs to
focus the beam manually to the desired position with the
condenser system. This will imply close inspection of a
very bright spot on the fluorescent screen (if there is one),
the use of proper eye protection is necessary. Further-
more condenser lens currents corresponding to focused
beam are to be noted for reproducible beam formation
and the position on the screen is to be marked (e.g. with
the beamstop) where the alignment mark needs to be
burnt.

In TEM mode the formation of the hole is clearly seen on
the fluorescent screen (use proper eye protection while
focusing the beam and observing hole formation!) and
usually takes less than 20 s depending on beam settings. In
STEM mode a longer time (~1-2 min) is required as the
beam current is usually lower for lattice resolution imaging.
In this case only minimal sample drift (<1 nm/min) is
permitted as the hole will only form if the electron beam
heats the same spot throughout the exposure. This
requirement is rather hard to fulfill as the sample stage is
moved after each image, causing transient drift. To
compensate this we used the jog mode of the piezo stage
available on our microscope, one should however avoid
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using the piezo stage for moving the sample over larger
distances (e.g. between frames) as piezo actuators may have
larger transient drift as the mechanical stage.

Minimal sample drift is advantageous though as it will
make the shape of the alignment marks unique, helping to
identify them if needed.

In both cases it is important that the sample is free from
contamination (usually hidrocarbon/organic contamination
may be present on the sample surface after ion milling or
longer storage times). This type of contamination will brake
down under the electron beam and form thick carbon heaps
on both surfaces of the sample. A sample clean enough will
withstand long exposures to focused electron beam without
excessive carbon build-up. A perfectly clean sample will have
a hole in it after proper exposure to the electron beam
whereas a small heap of carbon will build up on the surface
in case the sample is a little contaminated. Both holes and
small carbon heaps are suitable for proper alignment. If the
sample is heavily contaminated the carbon heap will be too
wide and diffuse preventing precise alignment and proper
imaging. Also a carbon ring forms around the illuminated
area for HRTEM imaging which will appear on subsequent
images as the sample is shifted. In our experience fresh FIB
cut samples are usually clean enough but Ar ion milled
samples sometimes need plasma cleaning for reasonable
results.

The size of the alignment marks should be as small as
possible for accurate alignment, in practice about 10 lattice
fringes is ideal. Larger marks are more difficult to align
accurately. Smaller holes or carbon heaps are difficult to
form reliably, more importantly they might also change
during imaging making the alignment less accurate.

Measuring large distances and recording image series
implies moving the sample over relatively large distances
compared to HRTEM frame size. Normally the sample
height (defocus) and orientation is changing somewhat from
frame to frame making adjustments sometimes necessary.
One should keep in mind that no perfect HRTEM images
are needed for this measurement, well defined lattice fringes
and proper identification of the alignment marks are the
only requirements which allow less frequent adjustments. As
these adjustments are indeed time consuming one should
strive to minimize the need for these.

The sample height may change due to sample stage
misalignment/imperfections (usually not expected), inaccu-
rate preparation of the sample, or sample bending. Special
care should be taken to cut/prepare the thin section exactly
perpendicular to the zone axis of the imaging (i.e. the
crystallographic direction parallel with the electron beam as
illustrated in Fig. 3). For Si sample thicknesses up to 80-100
nm will be acceptable for lattice imaging. The accuracy of
the sample orientation should be within a few degrees to
keep the sample within a reasonable defocus range. Bending
of the sample also leads to defocus, but the more disturbing
misalignment will have a larger impact on the imaging in
case the sample is bending. Ideally bending should be less
than 0.5°. Larger angles will call for excessive tilt correction
involving also height correction which is very time
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Fig. 3. Illustration of defocus and misalignment occurring on
improperly prepared samples. If the sample is cut with inaccurate
orientation (upper right) a defocus is experienced as the sample is

moved. If the sample is bending (lower left) both defocus and

misalignment will disturb imaging making time consuming ad-
justments necessary

consuming. As a rule of thumb one should select an area of
the sample with mostly uniform orientation that has straight
bending contours or no bending contours when aligned to
zone axis.

The effect of sample defocus and misalignment will be
different for STEM and HRTEM imaging modes. In TEM
mode a wide range of the defocus is acceptable, as periodic
images may be obtained with high defocus values, and
perfect focusing conditions are hard to determine. The edge
of the alignment mark may aid finding perfect focus. We
also note here that the appearance of the alignment mark is
substantially changed with defocus which may have an
impact on the alignment accuracy. One should also keep in
mind that the uncertainty in the defocus leads to an un-
certainty in the contrast transfer function (CTF) meaning
that only the periodicity of the image is preserved but the
contrast may be inverted. This adds an uncertainty of half a
lattice fringe distance to the alignment accuracy as keeping
track of and taking into account CTF variations complicates
the measurement unreasonably. In STEM-HAADF mode
the perfect focusing conditions can be determined based on
image resolution, and no contrast inversion is possible,
hence the alignment accuracy is somewhat better as
compared to HRTEM imaging, however, the STEM mea-
surement is less tolerant to changes in sample height and
deviations from the perfect alignment calling for more
frequent focusing and realignment.

The error of the measurement depends partly on the
accuracy of the alignment and number of alignments to be
done. The accuracy of alignments and lattice imaging re-
quires a reasonably high magnification whereas minimizing
the number of necessary alignments calls for the largest
possible field of view (the lowest reasonable magnification
and highest available camera/recording resolution). The
images shown in Fig. 2 were recorded with 1.963 MX
magnification and a resolution of 1,024 by 1,024 in STEM
mode. The spacing of the 002 lattice fringes in these images
is 5.46 pixels. In our experience magnifications down to 480
kX (TEM mode) are suitable for the measurement on our
Thermo Scientific Themis 200 microscope with a 4 k by 4 k
resolution.
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It is important that errors like image distortions,
magnification errors, image drift does not impact the ac-
curacy as long as the lattice fringes can be identified one by
one and the alignment marks are fairly recognized. This
means that the only requirement for imaging is the proper
imaging of the lattice fringes in TEM or STEM mode, no
previous calibration of the microscope is needed and the
process is fairly tolerant against drift related (or other) dis-
tortions (mainly in STEM mode), and undefined lens ab-
errations or defocus in TEM mode.

CONCLUSION

A method for very accurate distance measurement was
demonstrated with a typical error of ~0.3% or 3 nm over a
distance of 1 um. The process relies on very small alignment
marks burnt into the sample with the focused electron beam,
hence the process changes the original structure during
measurement. For this reason the method should be
considered as partly destructive. The method described here
may be used for accurately measuring thickness of an
epitaxial or single crystalline layer of a known phase and for
creating accurate calibration standards for TEM/STEM in-
struments.
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