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Introduction
Comprehensive characterization of various materials used in integrated circuit (IC) fabrication processes is critical for identifying anomalies that cause
the semiconductor devices to fail. An analytical transmission electron microscope (TEM), equipped with a
high-intensity field-emission electron beam source,
is often used to characterize device features and
defects that occur during IC manufacturing. For successful TEM analysis, a thin section of the device,
which is both transparent under electron beam illumination and encompasses the feature of interest, must
be prepared by employing appropriate samplepreparation techniques.[1,2] In semiconductor applications, the final thickness of the thinned section can
range from tens to hundreds of nanometers, depending
on the dimensions of the feature of interest, the elemental composition at the area of interest, and the overall
goals of the analysis. The quality of the samples can
also vary significantly based on the history of the sample and the sample-preparation limitations. Energyfiltered transmission electron microscopy (EFTEM)
can be used to improve the quality of images from
such imperfect samples. Also, EFTEM-based elemental
mapping can yield spatially resolved compositional
maps of semiconductor devices to complement or
sometimes supersede the energy-dispersive x-ray
spectroscopy (EDS)-based elemental analysis data. In
this article, the principles of EFTEM and its applications to semiconductor device analysis are discussed.

Elemental Analysis in a TEM
In a TEM, a high-energy (100 to 300 keV) electron
beam is transmitted through the thinned area of
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Fig. 1

Implementation of EDS and post-column EELS in a TEM
(Eo is the incident electron energy, and ΔE is the energy
loss). X-ray photons generated by the interaction of the
electron beam with the sample propagate along all
directions in space. Even though an x-ray detector is
usually inserted in the TEM column as close as possible to
the sample to maximize collection angle, only a fraction of
the x-rays generated by the sample are collected in EDS. In
EELS, a high percentage of energy-loss electrons can be
directed into the EEL spectrometer using the electron optics
of the TEM column to enable detection of small quantities
of the elements.

interest of the sample. As the electron beam is transmitted through the thin section, a variety of beamspecimen interactions occur that yield transmitted
electrons, elastically and inelastically scattered
(energy-loss) electrons, secondary electrons, backscattered electrons, Auger electrons, and x-ray photons. TEM-based elemental analysis techniques use
x-ray photons in EDS[3] and inelastically scattered
electrons or the “energy-loss” electrons in electron
energy-loss spectroscopy (EELS) and EFTEM.[4-9]
An illustration of the implementation of EDS and
EELS in a TEM is shown in Fig. 1. In EDS, the characteristic x-rays emitted by various elements when
the electron beam is incident on the sample are
collected by a spectrometer to yield a spectrum.
In EELS, the electrons that have gone through
the feature of interest in the sample are directed
into a spectrometer attached to the bottom of
the TEM column.[5] The spectrometer consists
of a sector magnet and a detection system. The
sector magnet deflects the transmitted electron
beam by 90°. During this process, electrons with
different energies are deflected to various
extents by the magnetic field. The process
results in an electron energy-loss (EEL)
spectrum.

During the inelastic scattering process, electrons
from the incident beam also lose energy because of
interaction with the inner-shell (K, L…) electrons of
atoms. These energy-loss electrons appear as a step or
an edge in the higher-energy-loss regime (above 40 eV
to thousands of electron volts) of the EEL spectrum
and are referred to as the ionization edge. The ionization edge reflects the atomic structure of the element
and is useful for elemental analysis. Figure 3 shows
the EEL spectrum from a sample containing nitrogen,
titanium, and oxygen with ionization edges at 401,
456, and 532 eV, respectively. It is also important to
note the background under the ionization edges of

Electron Energy-Loss Spectrum
The amount of energy lost by inelastically
scattered electrons or the “energy-loss” electrons depends on various inelastic scattering
processes that occur within the sample. Figure
2 shows an example of an EEL spectrum in the
low-energy-loss range from a silicon-oxidebased dielectric (green line) overlaid on a spectrum from the silicon substrate (red line with
shaded area). The x-axis of the plot represents
the energy loss (ΔE) from inelastic scattering
events when the incident electron beam with
an energy (Eo) of 200 keV is transmitted through
the sample. The peak at ΔE = 0 eV, known as
the zero-loss peak, usually dominates the EEL
spectrum when the sample is reasonably thin
and free of sample-preparation-induced
damage. The low-energy-loss peaks for silicon
at ΔE = 17 eV and silicon oxide dielectric at
ΔE = 24 eV are known as plasmon peaks. These
low-energy-loss plasmon peaks (typically at
ΔE < 50 eV) are a result of weakly bound valence electrons of the material in the sample collectively interacting with the electron beam.[7,8]
These interactions will also yield multiple
plasmon peaks in thicker samples,[8] which is
observed in the EEL spectrum from silicon in
Fig. 2.

Fig. 2

Examples of the EEL spectrum in the low-energy-loss regime. The EEL
spectrum from the silicon-oxide-based dielectric is superimposed on the
EEL spectrum from silicon. The EEL spectrum from silicon exhibits
several plasmon peaks (at multiples of 17 eV) because it is recorded from a
thicker area of the sample.

Fig. 3

EEL spectrum from an area of the sample composed of nitrogen,
titanium, and oxygen. The background under ionization edges of various
elements is primarily a result of tails of plasmon peaks and ionization
edges of other elements with lower energy loss.
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various elements. This background signal is primarily
a result of tails from plasmon peaks and ionization
edges from lower energy loss, and it increases with
sample thickness. In thick samples, the background
electron counts can reach extremely high numbers and
render EELS-based elemental analysis impractical.[9]

EELS versus EDS
TEM offers superior spatial resolution during EDS
analysis because of reduced interaction volume in a
thinned electron-transparent TEM section (~20 to 200
nm). However, when the electron beam is incident on
the sample, the x-ray photons carrying the elemental
information propagate along all directions in space.
In practice, only a fraction of these x-ray photons are
collected by the x-ray detector because of the difficulties in inserting a large detector in an electron beam
column without affecting other capabilities of the TEM.

(a)

The EEL spectrometer does not have this problem because it is introduced in the path of the e-beam that
has gone through the sample or it is attached to the
bottom of the TEM column. A significantly high percentage of electrons carrying elemental information
from the area of interest can be directed into the
spectrometer. As a result, EELS offers better signalcollection efficiency to detect elements from a very
limited volume of material at the area of interest, which
is often the case in advanced technologies with shrinking device features.
The x-ray energy resolution achieved by standard
x-ray detectors is approximately 2 orders of magnitude
worse than the energy resolution of an EEL spectrometer (<1 eV). In semiconductor device analysis, the
poor energy resolution of EDS can often yield inconclusive results, because the strong characteristic xray peaks of various elements contained in the sample
could not be resolved. In addition, EDS analysis of light
elements can also be impacted
by the overlap of low-energy xray peaks with electronic noise
of the detector. In spite of these
issues, EDS has remained more
popular than EELS because it
can work well in the thick and
imperfect samples encountered
in semiconductor failure analysis (FA).

(b)

In recent years, EELS-based
elemental analysis has become
more popular in semiconductor
FA, because of the necessity to
analyze shrinking device features (smaller volume that requires higher sensitivity) in advanced technologies as well as
advancements in focused-ionbeam-based sample-preparation techniques, which permit
ultrathin (<50 nm) site-specific
sample preparation with minimal damage or contamination.

Elemental Mapping

(c)
Fig. 4
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(d)
(a) Unfiltered TEM image from a thick sample. (b) Zero-loss image recorded using a 10 eV
energy window. (c) Unfiltered high-resolution phase-contrast TEM image from a thick sample.
(d) Zero-loss high-resolution phase-contrast TEM image recorded using a 10 eV energy
window. The significant contrast enhancement noted in the zero-loss images is a result of
excluding inelastically scattered electrons.
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EDS and EELS can be coupled with scanning transmission electron microscopy
(STEM)[2,10] to record energybased images. In STEM-EDS
(STEM coupled with EDS) and
STEM-EELS (STEM coupled
with EELS), the EDS and EELS

spectra over a specific range of x-ray photon or energyloss electron energies are collected and saved. The
energy-based image of the specimen for various
elements in the x-ray photon energy or energy-loss
electron domain is extracted from these spectra. The
data-acquisition process for a STEM-EDS or STEMEELS map can be time-consuming, because the data
are acquired one pixel at a time in a serial mode. The
total acquisition time depends on various factors,
including the size of the map (pixels) and the dwell
time of the beam. The minimum required dwell time is
dependent on the electron beam intensity, the element
of interest being mapped, and the composition of the
feature to achieve a meaningful signal-to-noise ratio.
In typical semiconductor FA applications, STEMbased elemental mapping can take several minutes.
At high magnifications, hydrocarbon contamination
caused by exposure to electron beam and specimen
drift can also affect the analysis.

EFTEM
In EFTEM, the parallel beam imaging mode in a
TEM is coupled with principles of EELS to yield a
filtered image or an elemental map. Unlike the serial
pixel-by-pixel acquisition in STEM-based mapping,
the EFTEM image is recorded in parallel so that an
energy-filtered image or an elemental map can be
obtained in several seconds or a few minutes. The
acquisition time will depend on various factors, including the resolution of the image, the signal strength
of the ionization edge, the sample quality, and so on.
Energy filters are available from various vendors in
either in-column (mounted below the sample insertion
port of the TEM column) or post-column (attached to

(a)
Fig. 5

the bottom of the TEM column) form. These filters use
a series of magnetic prisms or magnetic sectors
coupled with a series of quadrapole and sectapole
magnets.[5-8] Energy filters change the direction of the
electron beam by 90° at least once to disperse the
electron beam that has gone through the sample on
the basis of the energy of the electrons. The following
sections of this article will focus on applications of
EFTEM-based techniques.

Zero-Loss Imaging
In zero-loss imaging, the image is formed by using
only those electrons contributing to the zero-loss peak
in the EEL spectrum shown in Fig. 2. The inelastically
scattered energy-loss electrons are excluded from the
image with the aid of a slit (width calibrated in electron
volts), which allows only the zero-loss electrons to
pass through. In FA applications, thicker (>150 nm)
samples must sometimes be prepared when there is
uncertainty about the location of the defect within a
circuit. Features in unfiltered images from such thick
samples can be blurry and washed out because of the
noisy background from inelastically scattered electrons. The contrast in thick samples can be significantly enhanced in a zero-loss image (demonstrated
in Fig. 4).

Low-Loss Imaging
In silicon-based ICs, the silicon-plasmon peak at
ΔE = 17 eV and the silicon-oxide-plasmon peak at
ΔE = 24 eV (Fig. 2) can be used to delineate device
features and defects. By selectively forming an image
using the energy-loss electrons contributing to the
silicon-plasmon peak, one can delineate the silicon
and silicon-oxide features[11] by introducing bright
contrast in silicon-containing
areas. Areas containing silicon
oxide will be dark in the siliconplasmon image. Examples of
zero-loss and silicon-plasmon
images of a gate stack are shown
in Fig. 5. The silicon-plasmon
image (Fig. 5b), recorded using
a 5 eV slit centered on the plasmon peak (at ΔE ~ 17 eV), clearly
shows the silicon grain
embedded in the oxide (in the
circled area) above the polysilicon. This grain is invisible in
the zero-loss image.

(b)
(a) Zero-loss electron image of a gate stack. No unique contrast indicative of the silicon grain is
visible in the circled area above the poly. (b) Silicon-plasmon image recorded by selecting a 5
eV energy window at ΔE = 17 eV. Regions containing silicon and polysilicon are bright in
this image. The polysilicon grain in the circled region in the oxide is clearly visible.

Elemental Mapping
Another benefit of EFTEM
for FA comes from elemental
(continued on page 26)
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(boron, carbon, oxygen, nitrogen, titanium,
cobalt, nickel, fluorine, copper, etc.) mapping of anomalies and defects in semiconductor devices, using the energy-loss
electron contributing to their ionization
edges. The electron counts at ionization
edges of elements can be several orders of
magnitude weaker than zero-loss or plasmon peaks. The background signal under
the ionization edge of elements of interest
in the EEL spectrum (Fig. 3) must be subtracted to extract the elemental information.
In thick samples, the background will
dominate the EEL spectrum and limit any
meaningful extraction of elemental maps.
In thin samples, the background can be
subtracted by either the “jump-ratio” or
“three-window” methods.[8] In the “jump- Fig. 6 Representation of the three-window method at the ionization edge of carbon.
ratio” method, an elemental map is obtained
The background is estimated from pre-edge 1 and 2 images and subtracted
from the post-edge image using software supplied by the equipment vendor.
from the ratio of two images recorded by
selecting an energy window before and
concentration from noisy images. In the “threeafter the ionization edge of the element of interest. This
window” method, background subtraction is achieved
method is not computationally intensive and is more
by using two images recorded by selecting two energy
suited for qualitative mapping of small elemental
windows immediately before
(pre-edge 1 and 2) the ionization edge and one image by
selecting an energy window
immediately after (post) the ionization edge (Fig. 6). This approach offers better background
subtraction but may fail when
the
images are noisy. Because
(a)
(b)
the pre- and post-edge images
are acquired sequentially, the
background subtraction algorithm should also account for
specimen drift that may occur
during the collection process.
An illustration of the application of EFTEM for elemental
analysis of a gate oxide break(c)
(d)
down is shown in Fig. 7. The
nitrogen and oxygen element
maps were derived by employing the “three-window” method, using 30 eV energy windows for pre- and post-edge
images. The composite of nitrogen and oxygen maps (Fig. 7e)
clearly shows that the break(e)
down site is primarily comFig. 7 (a) Zero-loss TEM image of a gate oxide breakdown. (b) Silicon-plasmon (5 eV slit at 17 eV
posed of oxygen and silicon.
energy loss) image. (c) Nitrogen map. (White areas are rich in nitrogen.) (d) Oxygen map.
Elemental analysis of defects
(White areas are rich in oxygen.) (e) Composite of oxygen and nitrogen maps. The analysis
showed that the site of the gate oxide breakdown is primarily composed of silicon and oxygen.
and anomalies containing car-
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bon can often lead to inconclusive results because of a spurious
carbon signal from hydrocarbon
contamination caused by exposure to the electron beam. There
can be an elevated contamination rate during STEM-EDS or
STEM-EELS because of the focused electron beam dwelling on
every pixel for a significant period of time. The contamination
rate and spurious carbon signal
can be mitigated in EFTEM because of the use of a parallel
beam of electrons and relatively
shorter e-beam exposure times.
An example of the application
of EFTEM to identify a carboncontaining residue is shown in
Fig. 8.

Summary and
Conclusions

(a)
Fig. 8

(b)
(a) Zero-loss electron image of the anomalous layer (indicated by the arrow) on the spacer
sidewall. (b) Carbon map showing elevated levels of carbon in the anomalous layer

Energy-filtered TEM techniques and their applications in semiconductor device analysis have been
reviewed. Zero-loss imaging is useful for enhancing
contrast in imperfect, thick TEM samples encountered
in semiconductor FA. In silicon ICs, the contrast in a
silicon-plasmon image can be used to delineate silicon
and polysilicon device features and anomalies that
are invisible in the standard TEM image. Since EFTEM
is based on EELS, it also offers superior energy
resolution (when compared to EDS) for elemental
mapping. The elemental maps can be derived by recording filtered images at user-selected energy windows in the vicinity ionization edges of elements of
interest in thin samples. Also, because such elemental
mapping is performed in parallel electron beam TEM
imaging mode, localized hydrocarbon contamination
at the defect site is minimized to permit mapping of
anomalies containing carbon. As the samples become
thicker, EFTEM-based elemental mapping can lead to
inconclusive results because of the increasing background under the ionization edges.
Finally, it should be noted that the success of any
elemental analysis also depends on various practical
limitations, such as the composition and volume of
the material being analyzed, the matrix of the surrounding element that is being detected, samplepreparation challenges, and so on. The relative strengths of EELS, EFTEM, and EDS in the TEM should be
exploited by optimizing these factors and constraints
and by collecting complementary data, using all of these
techniques to perform accurate elemental analysis.
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