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Abstract— Scanning transmission electron microscopes are
the tools of choice for material science research, since they
provide information on the internal structure of a wide range of
specimens. These sophisticated machines are operated manually
by skilled technicians, who execute complex and repetitive
procedures, such as measuring nano-particles, using mainly
visual feedback. Hence, there is a need for new global control
strategies to automate these procedures. These strategies, how-
ever, must be based on a firm understanding of the microscopes
from the system theoretical perspective. To the best of our
knowledge, such perspective is lacking in the literature. Thus,
it is provided here through a new modeling framework that
facilitates the future development of global control strategies.
The paper also aims to introduce scanning transmission electron
microscopy as an important and untapped area of application
for control engineers.

I. I NTRODUCTION

Scanning transmission electron microscopes, denoted
STEMs, are the tools of choice for material science research
since they can reveal information about the internal structure
of a wide range of specimens, with high magnification. Their
images are derived from the diffraction patterns generatedby
the scattering of an electron beam by a specimen. Acquiring
and interpreting these images, however, is not a trivial task.
Since the STEMs combine the best features of the two
basic types of electron microscopes (the scanning and the
transmission electron microscopes), there is a large amount
of (microscope) settings and physical parameters that must
be taken into account while acquiring images. Moreover, suc-
cessful STEM operation requires knowledge of the physics
of the beam-specimen interaction (different specimens yield
different diffraction patterns), a clear understanding ofthe
behavior of the particular microscope taking the images, and
experience fine-tuning it. Hence, electron microscope oper-
ators are highly trained individuals, who invariably operate
the microscopes manually, using direct visual interpretation
of the images produced by the microscope. Evidently, this
makes it impossible to attain consistent image quality across
different operators [1].

Integrating this expertise into automation algorithms is
a challenging task. Several algorithms are available to au-
tomate operations such as microscope alignment or astig-
matism correction [2]–[5]. However, they are not accurate
enough and still require further manual adjustments [1]. In
addition, most of these methods are based on qualitative
image analysis. Quantitative analysis methods are lacking.
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More importantly, a systematic use of control theory con-
cepts is also lacking. Control loops are only used locally in
the microscope’s main components (e.g., the electromagnetic
lenses). However, the microscope at large is treated as an
interconnection of ‘open-loop’ components, each of which
is improved individually. Algorithms for global procedures
(i.e. procedures that coordinate several STEM components)
such as maintaining image quality, automatically finding and
measuring features of interest in specimens, or automating
repetitive tasks are not available. Unfortunately, these algo-
rithms cannot be developed without a firm understanding of
the STEMs from a system theoretical perspective. To the
best of our knowledge, this perspective is not present in the
literature. This, perhaps, may have been caused by the fact
that the control community, with a few exceptions [6], has
not been made aware of this area of application.

Thus, this paper aims to provide such perspective by
introducing a framework from which dynamical models ade-
quate for the analysis and control of STEMs can be derived.
This framework provides insight into the identification tasks
and control strategies needed for automating two important
global procedures: microscope alignment and coordinated
position control. Moreover, through this presentation, the
paper also aims to introduce STEMs as an important and
untapped area of application for control engineers. These
ideas were developed in the framework of the CONDOR
project, which is managed by the Embedded Systems In-
stitute (www.esi.nl) and seeks to transform the traditional
STEMs from qualitative imaging instruments into flexible
quantitative nano-measurement tools.

The rest of the paper is organized as follows: Section
II summarizes the STEM principle of operation. Section
III describes the aforesaid global procedures: microscope
alignment and coordinated position control. The new STEM
modeling framework is introduced in Section IV, which
also identifies the main challenges for automation. Finally,
Section V contains our conclusions.

II. STEM OPERATION

This section is divided into two parts. The first one
describes the STEM principle of operation, emphasizing only
the main STEM components. The second part summarizes
the physics of image formation, which is the basis for the
modeling framework introduced in Section IV.

A. Principle of Operation

STEMs were introduced in 1968 by A. Crewe and cowork-
ers [7]. Based on Figure 1, their principle of operation can



be summarized as follows [8]: An electron source (usually a
field emission gun or FEG) generates an electron beam that
is focused by the joint action of a condenser lens and an
objective lens (denoted CL and UOL) to form a demagnified
image of the electron source (called probe) at a specimen.
The electrons that go through the specimen and are scattered
at high angles are subsequently ‘counted’ by a detector
(HAADF in Figure 1), which generates an ‘intensity’ signal
proportional to the number of detected electrons. The final
image is created by sweeping the probe over the specimen
in a raster pattern, by means of deflector coils, and plotting
the electron intensity as a function of the probe’s position
on a computer screen.

The electrons leave the FEG with energyE = eU set by
the FEG’s accelerating voltageU (e is the electron charge),
and travel in directions almost parallel to the optical axis(the
z-axis in Figure 1). They are then focused by electromagnetic
lenses, which are composed of coils enclosed by round
symmetric soft iron pole pieces [9]. Each lens behavior
mimics that of an optical thin lens with adjustable focal
distancef(t). The later is measured with respect to an
arbitrary fixed point in the lens structure and is adjusted by
varying the currentiL(t) applied to the coil since [10],

1

f(t)
= κ

i2L (t)

U
, (1)

whereκ is a lens-dependent proportionality constant.
The objective lens pole piece is divided into two sections,

and is conceptually represented as two separate lenses: the
upper objective lens (UOL) and the lower objective lens
(LOL). While the UOL focuses the probe on the speci-
men, the LOL collects the diffracted electrons and forms
a diffraction pattern (DP) on its back focal plane. The latter
is generally located a few millimeters beneath the lens.
Thus, most STEMs use a combination of intermediate and
projection lenses (denoted IL and PL) to shift the DP to a
lower plane where detectors, such as the high angular annular
dark field detector (HAADF), are located. Alternatively,
these lenses can be set to project the DP on a computer
screen using a CCD camera, or to project, with the aid of
an additional probe lens (PrL), an image of the probe.

Note that the objective lens is said to be ‘in focus’ when
its focal distance,f(t), matches the distanceZref between
the lens’ fixed point and the specimen surface. The specimen
has an average thickness of 5nm to 500nm [9] and is placed
on a specimen holder (called goniometer) that lies between
the UOL and the LOL. The goniometer is a mechanism that
permits the specimen translation in the three cartesian axes
(±1.5mm) and its rotation in the roll and yaw axes (up to
±60◦). Note, however, that probe’sx − y position on the
specimen (with respect to the optical axis) is determined by
the deflector coils (see Subsection III-B).

To conclude, note that in a STEM the image resolution is
determined by the ‘quality’ of the probe, which is influenced
mainly by the properties of the FEG and the aberrations of
the objective lens [10]. Also note that the image magnifi-
cation is determined by the size of the raster pattern [11].
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Fig. 1. Main STEM components. The central ray diagram illustrates the
image formation process. The angles are greatly exaggerated. In practice
they span only a few miliradians.

For instance, a raster pattern of 1µm × 1µm projected on a
10cm× 10cm screen yields a magnification of105.

B. Image Formation Process

The formal description of the STEM image formation
process can be found in, for instance, [12]. Here, only a
summary is offered. Images are time-varying, real-valued
(intensity) functionsI : R

2 × R → R, with action I :
(r, t) 7→ I(r, t) or I : (q, t) 7→ I(q, t) depending on whether
I denotes a real space image or a frequency space image,
wherer, q ∈ R

2, and t ∈ R
+ denotes time. All images are

formed on anx − y plane perpendicular to the optical axis
under the following standard assumptions [10].

Asumption 2.1:(a) The FEG is an ideal point source of
electrons. (b) All lenses, except the objective lens, are ideal.
(c) The specimen is thin.



These assumptions simplify the mathematical derivations
without modifying the principles of image formation (see
[10] for more details). Assumption 2.1(a) implies that all
electrons in the beam come from the same point in space and
have the same energy (hence,U is a constant). Assumption
2.1(b) implies that only the aberrations of the objective lens
are important, which is the case in practice. This assumption
also implies that the crossover image after the CL is an
ideal point source (see Figure 1). Finally, Assumption 2.1(c)
allows the specimen to be treated as a phase object [10].

The electrons emanating from the crossover are diffracted
by the objective aperture. Thus, the probe has finite width
and an associated wave function,p(r, t), given by [8]

p(r, t) = F−1{A(q) exp(jχ(q, t))}. (2)

In this equation,F denotes the Fourier transform overr,
j =

√
−1, and q is the ‘spacial frequency’, which is

determined by the electrons’ scattering angle and wavelength
[9]. A(q), the aperture function, models the effect of the
objective aperture. The latter minimizes the effect of the
objective lens aberrations by limiting the scattering angle
of the electrons. This is modeled in the frequency plane by
an ideal low pass filter [9]. That is,

A(q) =

{

1, |q| < qa

0, |q| > qa,
(3)

whereqa is a function of the radius of the objective aperture.
Finally, χ(q, t), the aberration function, models the objective
lens aberrations and is described in detail in Section III.

Under Assumption 2.1(c), the effect of the specimen
over the probe is to modulate the phase ofp(r, t) through
a transmittance functionφ(r) [8]. Thus, the wave of the
electrons that exit the specimen is

ψ(r, t) = φ(r)p(r − rd, t),

where rd denotes the displacement of the probe from the
optical axis imparted by the deflectors. The wave function
is then transformed into a diffraction pattern by the LOL
and acquired by a detector. Dark field images, the most
important kind of images, are acquired by using the ring-
shaped HAADF detector in combination with probe scanning
and are given by [8]

Idf (r, t) = F−1{O(q)} ∗ |p(r, t)|2,

where

O(q) ,

∫

D(q̃)Φ
(

q̃ +
q

2

)

ΦH

(

q̃ − q

2

)

dq̃,

D(q̃), q̃ ∈ R
2, is the detector function given by

D(q̃) =

{

1, Rin < |q̃| < Rout

0, otherwise,

Φ(q) = F{φ(r)}, andH denotes complex conjugate.
The quality of a dark field image depends, among other

factors, on the microscope alignment. As will be shown
shortly, the latter can be controlled using a second type of

images called Ronchigrams. These are obtained by shining a
static probe through a large objective aperture and projecting
the center of the diffraction pattern into a CCD camera. Their
intensity,Iro, is given by

Iro(q, t) = |Φ(q) ∗ [P (q, t) exp(−j〈q, rd〉)]|2,

where P (q, t) = F{p(r, t)} and 〈·, ·〉 denotes the inner
product inR

2. Finally, probe images,Ipr , are important for
coordinated position control. These images are obtained by
projectingψ(r, t) onto a screen and are given by

Ipr(r) = |p(r − rd, t)|2. (4)

The benefits of usingIro and Ipr in STEM control will
be evident after the following discussion.

III. STEM GLOBAL PROCEDURES

For typical applications, such as measuring the size and
shape of catalyst particles [13], the two most important pro-
cedures are microscope alignment and coordinated position
control. These are described next.

A. Microscope Alignment

Measuring particles or features in the nano-scale requires
highly magnified images, whose quality depend critically on
the microscope’s alignment. The latter involves aligning the
electron beam with the optical axis and, more importantly,
minimizing the objective lens aberrations (i.e., its deviation
from an ideal behavior). Assuming first order (linear) op-
tics, which are valid only for small angular deviations, the
aberrations can be expressed solely as a phase shift in the
frequency plane characterized by the functionχ(q, t) (see
(2)) given by [14]

χ(q, t)

2π
=

|A1(t)|λ|q|2 cos(2∠q − ∠A1(t))

2
+
C1(t)λ|q|2

2

+
|A2(t)|λ2|q|3 cos(3∠q − ∠A2(t))

3

+
|B2(t)|λ2|q|3 cos(∠q − ∠B2(t))

3
+
C3(t)λ

3|q|4
4

, (5)

where λ is the electrons wavelength, A1(t), A2(t) and
B2(t) are complex time-varying coefficients (| · | and ∠·
denote magnitude and phase), andC1(t) andC3(t) are real
time-varying coefficients. The coefficients denote the relative
strength of the main aberrations that cause image deforma-
tion and limit image resolution: astigmatism, defocus, axial
comma, and spherical aberration [11], [13]. Astigmatism is
caused by the difference in the lens strength between two
perpendicular axes (two-fold astigmatism, A1(t)) or between
three axes separated by60◦ (three-fold astigmatism, A2(t)).
Defocus, denotedC1(t) or ∆f(t), is caused when the probe
is brought to focus above (overfocus) or below (underfocus)
the specimen plane, i.e.,∆f(t) = Zref − f(t). Axial coma,
B2(t), occurs when the incident beam is not exactly aligned
with the optical axis. Finally, the spherical aberration,C3(t),
is caused by the angular difference in the lens strength.

Aligning the microscope requires to measure the aberra-
tion coefficients and to adjust the appropriate controls to



Fig. 2. Simulated Ronchigrams showing the influence of (fromleft to right)
spherical aberration (SA), SA with defocus, SA with two-fold astigmatism.

minimize them. The current available aberration correctors
usually measure the coefficients by taking several dark field
images under different operating conditions (e.g. different
beam orientations), observing the pattern of the changes in
the images, and relating those changes to theoretical models
of the aberrations [2]–[4]. These correctors, however, assume
that the aberration coefficients do not change while the
images are acquired, which may not always be the case.
Moreover, these correctors are user activated and cannot be
used concurrently with normal microscope operations.

A potentially faster alignment procedure can be obtained
from Ronchigrams [15], which show features that are directly
related to the aberrations. Moreover, since these images are
formed by a stationary probe, they may be taken simultane-
ously with dark field images. Figure 2 shows three simulated
Ronchigrams of a thin amorphous specimen considering
(from left to right): only spherical aberration (SA), SA and
underfocus, and SA with two-fold astigmatism. Note that
different aberrations induce different shapes in the Ronchi-
grams. Unfortunately, measuring the aberrations is not trivial
because the low signal-to-noise ratio in the images prevents
direct feature extraction. This is further complicated by the
transmittance function,φ(r), when the object is not thin. Two
other factors may also limit the use of Ronchigrams. First,
Ronchigrams are taken using large objective apertures, while
dark field images are taken with small apertures. Hence,
the objective apertures need to be switch ‘on the fly’ for
concurrent operation. Second, Ronchigrams are usually taken
over amorphous areas of the specimen. Fortunately, recent
progress has been made on microscope alignment using
Ronchigrams of thin crystalline specimens [16]. This, and
a careful mechanical design that minimizes the vibrations
induced by the switching the objective apertures, may lead
to concurrent alignment control schemes based on Ronchi-
grams.

B. Coordinated Position Control

This procedure is important for applications where the
size and shape of nano-particles must be measured [13].
In such cases, a specimen is first divided into regions.
Then, each region is visually surveyed at low magnification
to identify areas with high particle concentration. Those
areas are subsequently imaged at high magnification and the
particles are counted and measured. Note that a large number
of particles must be processed in order to reach a statistically
significant results, which motivates the need for automation.

The operator usually coordinates by hand the positions
of the specimen and the probe. The former is determined

by the controls of the goniometer, which is usually actuated
by a set of DC servo motors. The position of the probe is
determined by thex and y deflectors sets. Thex-deflector
set is shown in Figure 1. The top coil is excited with
a current ix(t) and deflects the electron beam byǫx(t)
miliradians, whereǫx(t) ∝ ix(t) [9]. The bottom coil is
excited with a current−αxix(t) and deflects the beam back
by −αxǫ(t) miliradians. αx is a proportionality constant
chosen automatically by the microscope to ensure that the
beam crosses the optical axis at the UOL’s front focal plane
(FFP in Figure 1). This makes it possible to focus the probe
on the specimen and form the diffraction pattern at the
LOL’s back focal plane [11]. For small deflection angles,
the net displacement of the probe in thex-direction is then
dx(t) ∝ ǫx(t). Similarly, the deflection in they-direction is
dy(t) ∝ ǫy(t). Thus, the total probe displacement,rd(t), is
given by

rd(t) = (τxix(t), τyiy(t)), (6)

whereτx and τy are proportionality constants andiy(t) is
the current applied to they-deflector set.

Coordinating the control of the goniometer and the de-
flectors presents several challenges. The most severe is the
lack of an absolute frame of reference to measure both the
position of the specimen and the probe. Moreover, neither
position can be measured directly. This is further complicated
by the fact that the mechanical coupling between the spec-
imen holder and the deflectors is not perfectly rigid, which
introduces additional mechanical alignment errors between
these two subsystems. Some of these challenges can be
met by developing new detailed physical models and new
methods for measuring physical variables in the microscope.
For instance, a probe image can be used to determine the
probe position (see Section IV). Alternatively, the modeling
task can be simplified if visual servo control techniques
are used for automatically finding and measuring particles.
These techniques, however, require to place the specimen
over markers of known size and shape, which may not always
be possible.

The new STEM modeling framework is presented next.

IV. STEM MODELING FRAMEWORK

Two models are introduced here. The first one is suitable
for automating the microscope alignment procedure. The sec-
ond one addresses the coordinated position control problem.

A. Microscope Alignment Model

Consider the model in Figure 3. In this figure, the micro-
scope is seen as the interconnection of three subsystems: the
optics, the deflectors and the objective lens. At every timet,
the optics subsystem behaves as a linear system (over space)
with transfer functionP̃ (q, t) , P (q, t) exp(j2π〈q, rd(t)〉).
It maps the input object functionΦ(q) = F{φ(r)} into an
output wave functionΨ(q, t). Its output is ‘observed’ through
a nonlinear sensor (a CCD camera or a screen), which
produces the observation ‘signal’Iro(q, t) (a Ronchigram).
P̃ (q, t) is parameterized by the aberration coefficients in (5).
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Fig. 3. Model for Ronchigram-based microscope alignment control. The
automation goal is to designcOL(t).

Thus, if for simplicity only defocus is considered (as in
Figure 3), then

P̃ (q, t) = A(q) exp(j2π[〈q, rd(t)〉 +
1

2
∆f(t)λ|q|2]).

The deflectors and objective lens subsystems determine
rd(t) and ∆f(t), respectively. Recall thatrd(t) =
Kd(ix(t), iy(t)), whereKd = diag(τx, τy) (see (6)). Since
ix(t) andiy(t) are part of an inductive circuit (the deflector
coils), their dynamics can be approximated by a linear
second-order model with impulse responsehd(t). This circuit
is generally controlled by a local compensator,cd(t), which
keepsrd(t) constant during the alignment procedure.∆f(t)
is set by the objective lens subsystem. It is zero when the
current in the lens is such thatf(t) = Zref . Let iref denote
this current (obtained fromZref via (1)) and note that small
changes in focus values aroundZref are induced by a small
changes∆iL(t) of the lens current aroundiref . Thus, it can
be shown that∆f(t) = KOL∆iL(t), where

KOL ,
−2U

κi3ref

.

Note that ∆iL(t) is also part of an inductive electrical
circuit and possesses linear second-order dynamics,hOL(t).
Usually, this circuit is also locally controlled. However,in
order to automate the microscope alignment procedure, this
local controller must be replaced by a global one,cOL(t).
This global controller acts on an error signal generated
by comparing the reference defocus value,∆fref , to an
estimate of the actual defocus,∆f̂(t). This estimate is in
turn generated by a feature extraction (FE) algorithm that
processes the Ronchigram image. Finally, note that the optics
subsystem and the deflectors and objective lens subsystems
are interconnected through the invertible mapK : R

3 →
R

2×R with actionK(ix, iy,∆iL) = (Kd(ix, iy),KOL(∆iL)).
There are two main challenges in applying the scheme

described above and designingcOL(t). The first one is related
to the validity of KOL and hOL(t). KOL is defined for a
particular value ofiref and is only valid for small excur-
sions of this current. For large excursion of the reference
current, hysteresis is induced in the current-focus equation
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Fig. 4. Rotation variance as a function of pixels’ radius fordifferent
specimens. The threshold ‘th’ is used to determine the radius of the
Ronchigram central disc, which is a measure of the defocus.

(1) by the magnetization/demagnetization of the objective
lens pole pieces [17]. This nonlinear behavior is not yet well
characterized and is the subject of current research withinthe
CONDOR project. Likewise, the presence of eddy currents in
the objective lens can also modify its dynamics,hOL(t). Thus,
more detailed expressions are needed forKOL and hOL(t).
The second challenge is to perform feature extraction from
images that have low signal-to-noise ratios and large inter-
specimen variability. For instance, defocus can be estimated
from the radius of a Ronchigram’s central disc (a novel
method proposed by our group). As shown in Figure 4, the
central disc radius can be estimated from the plot of the
Ronchigram’s rotational variance (which is a function of the
pixels’ radial distance) by finding the radius at which the
variance meets a prescribed threshold ‘th’. However, as this
figure also shows, this estimate is specimen dependent. To
overcome this problem, new analytical estimation methods
that are specimen-independent must be developed.

B. Coordinated Position Control Model

As shown in Figure 5, a similar approach is needed
for coordinated position control. In this case, the main
subsystems to consider are the optics, the specimen holder,
and the deflectors. To simplify the description, it will be
assumed that the microscope has been properly aligned, so
no aberrations are present. It will also be assumed that the
specimen can only be displaced in thex− y plane and, as a
first approximation, that all the dynamics are linear.

Recall that the specimen is mounted on a goniometer
which is actuated by DC servo motors. The dynamics of the
goniometer and the motors,hg(t), are controlled by a com-
pensator,cg(t), that uses local displacement measurements,
rg(t). Note, however, that the goniometer and the motors
are mounted on opposite ends of the rod-shaped specimen
holder [11], which is not perfectly rigid (its mechanical
dynamics are represented byhr(t)). Thus, the true position
of the specimen,rsa(t), may differ fromrg(t). Moreover, the
specimen may also be subject to perturbations,rp(t)), such
as vibrations or thermal fluctuations. A similar situation is
true for the position of the probe, which is specified as a
displacement from the center of the optical axis. The frame
of reference for this axis is chosen arbitrarily. It can be placed
at the tip of the FEG, as shown in Figure 1, or at the center of
the objective lens, which is more customary. Unfortunately,
any of these frames of reference can be displaced by me-
chanical vibrations during the microscope’s operation. For
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instance, displacing the specimen can induce small vibrations
that are transmitted through the microscope’s column to the
FEG, the objective lens, or the CCD camera, effectively
displacing the position of the spot. Even if the mechanical
coupling of these subsystems (modeled byhm(t)) were
perfectly rigid, the presence ofrp(t) would perturb the
probe’s position.

Thus, bothrsa(t) and rd(t) must be measured directly.
A new method to measure the latter is to estimate it from
probe images. Note from (4) that if the microscope is already
aligned and the probe is centered at the optical axis, then [9]

Ipr(r) = |p(r, t)|2 =

[

πq2a
J1(2πqa|r|)

2πqa|r|

]2

,

∀r ∈ R
2, where J1(·) is the Bessel function (type 1, order

1) andqa is the aperture function radius (see (3)). Note that
this image isfixed (it does not depend onφ(r)), circularly
symmetric, and centered at the optical axis. Moreover, when
the probe is displaced byrd(t), this image is merely shifted
by rd(t) without distortions. Thus, the optical subsystem can
be modeled as a mapA that assigns to each probe position
rd(t) = r̃ an image{Ipr(r − r̃), ∀r ∈ R

2}. Moreover,
rd(t) can be estimated by comparing the current spot image
to {Ipr(r), ∀r ∈ R

2} using appropriate feature extraction
algorithms. This estimate,̂rd(t), together with other sensor
signals, can then be fed into a supervisory algorithm to
automatically coordinate the deflectors and the specimen
holder (viardref

(t) andrgref
(t)). Designing this supervisor

is central to solving the coordinated position control problem.
Finally, note that two main challenges must be addressed

to successfully solve the coordinated position control prob-
lem. The first challenge is to identify the mechanical impulse
responseshr(t) and hm(t), and to understand the nature
of the perturbationsrp(t). The second challenge is to add
instruments to the STEMs capable of measuring directly the
position of the specimen and other physical variables. Thisis
needed in order to design an efficient supervisory algorithm.
To this end, it is also important to develop FE algorithms
capable of estimatinĝrd(t) from probe images even when
strong objective lens aberrations are present.

V. CONCLUSIONS

This paper introduced scanning transmission electron mi-
croscopy as a new application area for control engineering.
STEMs are rather complex machines that present many
interesting theoretical and applied control problems. Two
of these problems, microscope alignment and coordinated
position control, were described in detail and two new
models were introduced to analyze them. The steps needed to
complete these models were also outlined. Several of them,
e.g. the F.E. algorithms, have been recently completed (they
will be reported separately) and will be validated in the near
future through physical experiments.
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