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HISTORY

S

INCE THE INVENTION OF THE COMPOUND

microscope by Zecharias Janssen
in 1595, and its extensive use by
Galileo in the early 1600s, the microscope
has proved to be one of the most valuable
research and information tools used by the
scientific community. Yet, as researchers began to delve deeper and deeper, beyond the
mere cellular structures of biological and
mineral matter, the limitations of these optical light transmission devices became increasingly apparent.
The magnification limits of 1000x and a
resolution of 0.2 micrometers had been
reached. Still, a magnification of 10,000x, the
magnification required to see the innate
components of organic cells, was needed as
research and investigation became more sophisticated and molecular.
These advances resulted in the development of the electron microscope, which utilizes a beam of energized electrons to examine objects on a very fine scale. The Transmission Electron Microscope (TEM), developed in 1931, was the first of its kind to use
a focused beam of electrons instead of light
to “see through” a specimen.
The first Scanning Electron Microscope
(SEM) appeared in 1942, enabling researchers to examine the entire surface of an object—the size, the shape, and the arrange-
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ment of the particles that lie on the surface
of the object or that have been exposed to
grinding or chemical etching. Examinations
of topography, morphology, composition,
and crystal formations in matter are some
of the many applications of this instrument.
But, as the sophistication of electron microscopes increased to meet imaging and
manufacturing requirements, the environment in which this equipment was located
became more critical to optimal equipment
resolution performance.
For instance, in the best electron microscopes, it is now possible to image features
with a resolution of an Ångstrom or less. At
such high magnification, the electron microscope becomes even more sensitive to environmental problems like the stray AC magnetic fields caused by normal electrical
equipment (transformers, switchgear, and
lighting). Fluctuating DC magnetic fields
(created by subways, elevators, and even
nearby traffic) can significantly degrade image quality, often making it impossible to use
an electron microscope to its full potential.
These same environmental issues impact
the accuracy and precision of the electron
beams used in semiconductor fabrication,
and it is often difficult to situate an electron
microscope where it can be used to its full
imaging potential.

APPLICATION
These were all serious issues for International SeMaTech (ISMT), the global consortium of semiconductor manufacturers.
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ISMT recently purchased a “state of the
art” scanning transmission electron microscope, the Tecnai F30 (manufactured by FEI), to measure and characterize the physical dimensions and
chemical composition of the smallest
and the most dimensionally critical device structures currently being developed in the semiconductor industry.
As the semiconductor industry follows Moore’s law of device scaling, integrated circuit processing has progressed to the point where one atomic
layer is an important and critical dimension that must be measurable in order
to optimize processing conditions. To
follow such device scaling, metrology in
the semiconductor industry is now relying more heavily on the highest resolution transmission electron microscopes.
Current investigations of the interfacial properties of high dielectric constant thin films with silicon substrates
rely on this microscope’s capabilities for
imaging and chemical analysis with spatial resolution (atomic distance) below
2 Angstroms and energy resolution near
the ultrasensitive 1eV for spectroscopy.
For ISMT to achieve these capabilities, stray magnetic fields needed to be
controlled; so a Magnetic Active Compensation System (MACS) was installed.
According to the microscope
manufacturer’s (FEI) specifications, the
environmental magnetic fields must not
exceed 125 nanoTesla (nT) for the X-, Yand Z-axes. Initial tests of the room, conducted by ISMT personnel, measured
magnetic fields in the range of 250 to 300
nT; but after the installation of the MAC
System, these fields were reduced to 88
nT. The fields at the microscope column
were probably even lower than measured
by the monitoring equipment since the
sensors for the magnetic field reduction
equipment were mounted directly onto
the microscope, and the monitor sensors
were mounted approximately six inches
from the microscope. Also, the system
continuously adjusted to the changes in
the electrical environment within the facility.
The formula used for Tesla to Gauss
conversion is:
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Gauss (G) = 10e-4 Tesla (T), nT
= 10e-9T
1 Tesla = 10,000 Gauss.

HOW THE SYSTEM WORKS
The Magnetic Active Compensation
System (MACS) utilizes a Helmholtz coil
system along with a control unit, amplifier, and sensors that can bring a site into
specification. It is capable of reducing
large magnetic fields to 0.1 mG or less at
the microscope column. These components are shown in Figure 1.
Essentially, the system brings about
significant attenuation of free-space
time-varying magnetic fields over moderate volumes. The MAC System attenuates mains-induced AC fields (and
with the QDC option, ultra low frequency and geomagnetic field modulations) by direct broadband active feedback on the orthonogonal magnetic
field components. With the active
shielding system in operation, magnetic
fields are reduced by a factor of 30 or
more over a protected volume of typically 2–5 m3.
Wideband active shielding employs
the classic engineering principle of
negative feedback. Magnetic field signals detected by the system’s axial sensors are amplified, phase-corrected, inverted, and applied to each coil pair surrounding the protected volume. When
the compensation system closed-loop
amplification is set just below the maximum stable point, fields at the sensor
are suppressed by approximately the

reciprocal of the vector magnitude of
the axial open-loop gain coefficients. In
the immediate vicinity of the sensor,
magnetic fields are reduced by a factor
of over 100.
Typical field reduction is a factor of
20 to 40 over a volume, which easily includes the column and the viewing
chamber of the electron microscope.
Attenuation of the interfering magnetic
field components is continuous over a
range of 10 Hz to 1.0 kHz.
Unlike some servo-based compensation schemes with discontinuous coverage and long adaptation times, the
MAC System instantaneously cancels
any spectral components within its
range. Actual field reduction over a
given volume depends on the interfering field gradient. With this system, sufficient high-frequency bandwidth is
provided to insure adequate compensation for AC line harmonics of significance (h1 through h15).

THE BOTTOM LINE
The MAC System for electron microscopy allows the user to install cost-effective sophisticated, environmentally
sensitive instruments in sites that are
unacceptable according to manufacturer specifications. Often, a user has
been forced to either accept a lower performance level from an instrument because of adverse environmental conditions or to site the instrument in a less
desirable location. Now, with the MAC
system, environmental magnetic fields

Figure 1. Layout diagram for electron microscope active compensation system.

ANNUAL GUIDE 2003

MACS FOR ELECTRON MICROSCOPY

M A G N E T I C

S H I E L D I N G

Figure 3. High-angle annular dark field scanning transmission
electron microscope (HAADF-STEM) images of the silicon crystal
lattice oriented with the SI (110) zone axis parallel to the
electron beam (Images courtesy of International SeMaTech).

Figure 2a. AC frequency response graph.

by a 60-Hz magnetic field. The image in Figure 4a demonstrates the effects of the magnetic fields, evidenced by the
sawtooth pattern most noticable on the edges of the specimen. The MAC System eliminated the 60-Hz magnetic fields
and provided a stable environment for the electron beam as

Figure 2b. QDC frequency response graph.

no longer limit the capability of high performance equipment in less than optimal environments. The AC system is
designed to provide maximum attenuation at 50/60Hz with
attenuation levels of 40dB or more (Figure 2a).
The QDC system provides wide frequency band attenuation from very low frequency (0.001 Hz) to 1000 Hz. Attenuation at lower frequencies is approximately 40 dB, and performance slowly declines as the frequency of the noise in the environment increases (32 dB at 50/60 Hz and 14 dB at 500 Hz).
Figure 3 shows the silicon (110) lattice with resolution
near the 1.4-Å requirement for observation of the “splitting
of dumbells.” The image at right has resolution worse than
the 3-Å requirement for the overall lattice with distortions
“banding” the image with diagonal stripes. All images were
recorded with stigmator and focus settings optimized.

Figure 4a. MAC system off.

OTHER MAC SYSTEM INSTALLATIONS
Ashland, Inc. was experiencing problems with a SEM caused
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Figure 4b. Mac System on.
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seen in Figure 4b (Images provided by Ashland, Inc., Dublin,
OH).
The chart and images represent measurements taken before and after the MAC System installation at Ashland, Inc.
Position

Bx (µT) By (µT) Bz (µT) Bxyz (µT)

A “off”
A “on”
B “off”
B “on”

0.129
0.022
0.101
0.030

0.105
0.005
0.132
0.019

0.770
0.037
0.470
0.056

0.788
0.043
0.499
0.066

The image in Figure 5a is from an SEM experience caused
by varying DC fields. As the electron microscope scans the
image, the beam slowly moves, causing the image to shift in
area. The distortion is most noted in the center of the image. The bottom image in Figure 5b is the same specimen
scanned with the MAC System enabled. The beam remains
stable, allowing the production of an image free of magnetic
field induced artifacts (Images provided by the University
of Connecticut Health Center, Farmington, CT).
JOEL KELLOGG holds a BSEE from the University of Wisconsin-Madison
and is currently the Manager, Low Frequency Magnetic Field Systems for
ETS-Lindgren in Glendale Heights, IL. He specializes in the development
and manufacture of both passive and active magnetic shielding for various
applications including electron microscopy. Joel can be reached at
JMKellogg@lindgrenrf.com. ■

NOTE: All measurements recorded at a height of 5 feet, 6 inches from
column.

Figure 5a. MAC system off.

Figure 5b. MAC System on.
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