
Automated Geometric SEM Calibration
Innovative Standards Enable Fast and Easy-to-Handle Calibration

A new calibration approach allows a fast and easy-to-handle geometric calibration of Scanning
Electron Microscopes (SEM). This article outlines the application of 3D calibration standards
with spatially distributed circular reference markers. The underlying marker-based calibration
concept determines scale and shear factors of the coordinate axes and facilitates the analysis of
image distortions and other remaining image errors. We present the application of 3D calibra-
tion standards, both for 2D and for 3D measurements, and show its contribution to achieving a
higher measurement accuracy.

Introduction

Several SEM applications (e.g. measure-
ment of the layer thickness in solar cells
or dielectric optical layers, determina-
tion of pore and grain sizes) require well
calibrated instruments for the accurate
measurement of distances. For some
applications (e.g. wave guides), a pre-
cise determination of angles is needed
in addition. In general, reference sam-
ples with line features are used to cal-
ibrate the scale of SEM images in x-
and y-direction. Due to the more or less
manual measurement of the line fea-
tures and the reduction of calibration
parameters to a single distance, this
procedure is not very accurate and can
be a time-consuming process. Moreover,
it might not provide information about
the shear factors between x and y and it
cannot be used to calibrate the angles.
Although SEMs are mostly used for 2D
imaging and analysis, they are utilized
more and more for 3D measurements
[1-3]. 3D calibration standards are re-
quired for this purpose. A sophisticated

Fig.1: 3D SEM calibration standard MMC-80-4BSD. 3D view of SPM measurement data set (units in
µm). The hemisphere allows the adjustment of BSE detectors.
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solution for 3D calibration
are samples with pyramidal
structures and circular ref-
erence markers, already ap-
plied for SPM calibration [4].
In this article, both the ap-
plication of such calibration
structures for automated ge-
ometrical SEM calibration
and how this can improve
accuracy are presented.

3D Calibration Standards

3D SEM calibration stand-
ards consist of three multi-
level pyramids for geometric
calibration and a spherical
element (fig. 1). The spheri-
cal element enables the de-
tector adjustment, i.e. tun-
ing the offset and gain of
backscatter electron detec-
tors (BSD), which is neces-
sary for 3D data generation
[5]. The design of the cali-
bration structures includes
spatially distributed, circu-
lar reference markers with
known centre coordinates
(reference information). The
necessary reference mea-
surement of the calibration
structure is performed at the
PTB with the Metrological
Large-Range SPM (MetLR-
SPM, based on a NanoMeas-
uringMachine by SIOS). The
position of all three transla-
tion axes of the MetLR-SPM
are monitored by laser in-
terferometers and thus di-
rect traceability to the SI
unit meter is guaranteed [6].
3D calibration standards are
available in different sizes,
starting from single pyra-
mids with a base area of 5
µm x 5 µm up to arrays of
80 µm x 80 µm with heights
from about 0.5 µm to 3 µm.
The spherical element has a
base diameter of 10 µm and
a height of about 1 µm. The
complete structure consists
of platinum composite, pro-
viding long term stability.

Marker-Based Calibration

The marker-based 3D cali-
bration strategy uses circu-
lar reference markers that

are applied on the pyramid-
shaped reference structures.
The coordinates of the refer-
ence markers are automat-
ically detected and meas-
ured in the SEM data and
compared to the reference
coordinates. Depending on
the application, the regis-
tration is done with a 2D or
3D transformation. In both
cases, all scale and shear
factors are calculated. While
the 2D application allows the
determination of scaling and
shearing of the x- and y-axis,
in 3D, there are additional
parameters for z-scaling and
shearing between the lateral
and the vertical axes.

For marker-based cali-
bration, especially the auto-
mated detection of the posi-
tion of circular markers and
uncertainty estimation, the
software microCal was de-
veloped by m2c. This soft-
ware automatically detects
and measures all mark-
ers with sub-pixel accuracy
by image processing meth-
ods. This includes the detec-
tion of the sample orienta-
tion by using coded targets.
The calibration procedure
determines all linear geo-
metrical parameters (scaling
and shearing), as well as the
sample orientation (rotation
and translation). The algo-
rithmic approach is based on
LSM (least-squares methods)
and allows a statistical anal-
ysis of the results, including
data snooping for outlier de-
tection. Graphical output of
the remaining non-linear re-
siduals makes further anal-
ysis of the accuracy of the
used system possible. All
results can be saved as re-
ports, and the calibration pa-
rameters are always stored
in external files. These pa-
rameter files enable an auto-
mated SEM image correction
(rectification) when using
dedicated image correction
software. Alternatively, if the
SEM has an appropriate in-
terface, the calibration pa-
rameters can be transferred
to the SEM control software
in order to obtain calibrated
images.

Application and Results

2D Calibration
For a successful calibration,
the operator has to select
appropriate SEM parame-
ters (detector type, magnifi-
cation, beam voltage, work-
ing distance).After the image
acquisition of the standard,
calibration is performed by
the calibration software in
an easy way. Due to the var-
ying imaging features of the
applied detector type, only
an appropriate setup has to
be selected in the calibration
software. For documentation
or later use, all settings and
results are saved in a project
file.

Figure 2 shows the 2D
calibration results of a SEM
Hitachi S520. A MMC-40-
4BSD calibration standard
has been used. It has a size
of about 40 µm x 40 µm x 1.5
µm, the base edge length of
every pyramid is 10 µm, al-
lowing fields of view (FOV)

of 15 µm to 50 µm. The de-
termined x-scale correction
factor is 1.010, scale cor-
rection factor in y is 1.026,
and the shearing factor be-
tween both coordinate axes
is -0.002. Compared to non-
calibrated image data, the
maximum remaining devia-
tions between the measured
and the reference marker
coordinates are reduced
from 268 to 27 nm in x-di-
rection and from 534 to 56
nm in y-direction when ap-
plying shear corrections (2D
Affine). The results indicate
that the application of a sin-
gle scale factor (2D Similar)
or even the application of
two scale factors (2D Non-
isotropic) is not sufficient to
get the highest accuracy.

3D Calibration
There are various ap-
proaches for the non-de-
structive generation of
3D data from SEM im-
ages. An advanced solu-
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tion is the application of a
four-quadrant (4Q) back-
scatter electron (BSE) de-
tector. However, without
calibration of the detec-
tor system, the height in-
formation of the resulting
3D-model of the sample
surface has only qualita-
tive character. In order to
turn a 4Q BSE system into
a quantitative measure-
ment device, a true 3D cali-
bration is necessary. Figure
3 shows the 3D calibration
of a SEM Jeol 840 A, which
is equipped with a 4Q BSE
detector (by point elec-
tronic) and 3D reconstruc-
tion software microShape
by m2c. After the selection
of the appropriate SEM pa-
rameters and the detector
adjustment, a data set con-
taining all four BSE images
was acquired and used for
3D data reconstruction.
These data are imported

Fig. 3: Results of 3D calibration of SEM Jeol 840 A with 4Q BSE Detector.
Overlay of the remaining coordinate deviations after 3D non-isotropic
calibration over surface topography data (error vectors 10x enlarged). Left
(a): Lateral deviations are reduced to a minimum. Right (b): Vertical devia-
tions show a systematic non-linear error. This is subject of further data
correction. (c) Resulting calibration parameters. Estimation of separate
scale and shear factors yields to a smaller remaining mean point error.

Fig. 2: Results of 2D calibration of a SEM Hitachi S520. Without calibration,
comparison of the marker coordinates in the SEM image with the reference
coordinates shows large deviations. With calibration, the remaining devia-
tions are reduced to a minimum. In clockwise order: (a) SE image of calibra-
tion standard MMC-40-4BSD. (b) Coordinate deviations against reference
data (error vectors 10x enlarged). (c) Remaining deviations after scale
calibration (2D Similar). (d) Remaining deviations after complete linear 2D
calibration (2D Affine). (e) Resulting calibration factors.

into the calibration soft-
ware, automatically ana-
lysed and compared to the
reference data. By apply-
ing separate scale factors
for each coordinate axis
and a lateral shear factor,
the mean point error of all
markers was reduced from
264 nm to 81 nm.

Conclusions

With marker-based stand-
ards, SEM calibration is per-
formed in a fast and auto-
mated way. The comparison
of the coordinates of the cir-
cular reference markers to
existing reference coordi-
nates enables the scale and
shear factor determination
of all coordinate axes of a
measurement system. Ded-
icated software allows not
only a widely automated cal-
ibration, but also the analy-

sis of SEM image distortions,
as well as an estimation of
the accuracy and reliabil-
ity of the calibration results.
With the application of the
resulting calibration param-
eters for data correction,
or, by directly using them in
the SEM control software, a
higher accuracy is achieved.
The new calibration stand-
ards presented here are de-
signed for versatile use with
SEM, as well as with SPM
(Scanning Probe Micros-
copy) and CLSM (Confocal
Laser Scanning Microscopy).
Therefore, they may also be
applied to improve accuracy
in correlative microscopy.
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Read more about
calibration in microscopy:
http://bit.ly/calimic

More information
on SEM metrology:
http://bit.ly/semetrology
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