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Abstract 

Energy-filtered high-resolution electron microscopy (HREM) is an important technique for quantitative structural 
determination; Jn this paper; some fundamental quantities in applying energy-selected HREM in surface and 
interface studies are considered. The inelastic absorption function in zero-loss energy-selected HREM profile 
images of the MgO(100) surface is measured. The inelastic scattering mean-free-path length of MgO at 300 kV is 
determined as A = _^_ 181 nm for iiiOj zone-axis diffraction condition with an objective aperture of semi-coiiection 
angle 1 A-‘. High-resolution chemical-sensitive imagin g using core-shell loss electrons in transmission electron 
microscopy (TEM) is also demonstrated in studies qn Al/Ti multilayer thin films. A spatial resolution of - 0.4 nm 
has been obtained. It has been shown that the spatial resolution of energy-selected ionization edge electron images 
is dominated by the signal-to-noise ratio; the signal localization, as long as it comes from inner-shell excitation, has 
1.*,1 PP_ ~. !-n, ~~ P_ mtle errecc. I nus, 1or a generai eieniciii, tile iiSC Of iO_W i0SS iOiiizt3iiOii dgt% raihX ihii liigiier lOSS iOiiiZ3iiOii K&S 

is recommended for forming chemical images. But caution must be exercised in the subfraction of background due to 
the influence of multiple plasmon peaks. Composition-sensitive imaging using plasmon-loss electrons is also feasible, 
and a spatial resolution better than 1.0 nm has been obtained. These results are interpreted using the calculations of 
the dielectric response theory for interface excitation. Lattice images formed by plasmon-loss and multiple 
-1---,.- I,.“” ^1,.,.&-_,._” _..,. ..l,n :,,..“+.-,.*a2 p’G7,“““-‘“>3 G;Il.,cIII”IID alb a,>” III”DLILLLcIU. 

1. Introduction 

ALL-:-J-- _._11_1-1?. _c_.._e..-,.l I-C~~-,~:~~ JL,.- ““ki,l,ll& IGllil”,G SLI ULLUldl ‘lll”lllklLl”ll ll”lll 
materials at atomic resolution is one of the major 
research fields of high-resolution electron mi- 
croscopy (HREM). Various techniques have been 
developed to extract quantitative information 

from HREM images. Traditional methods have 
relied upon qualitative comparisons between ex- 
-~_:-~-c~l -:^l,.^....-L” ~ft;lllllGULSl‘ IIIILI”g;ICl~U~ and image sim-ulations 
based upon structural models, with the accept- 
ability of the particular model being considered 
as improved if an image “match” is obtained for 
several members of a through-focal series [l]. 
Iteration between calculations and experimental 
images based unon least-sauares refinement 
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of the quantification. Approaches which combine 
image and diffraction pattern information, such 
as maximum entropy methods [2], have shown 
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some new possibilities. For all these studies, how- 
ever, HREM images have been recorded without 
using an energy filter, so that both the elastically 
and inelastically scattered electrons contribute to 
the image. This makes quantitative data analysis 
difficult because only the scattering of elastic 
electrons can be accurately simulated using exist- 
ing dynamical theories. An energy filter can re- 
move all the inelastically scattered electrons ex- 
cept those scattered by phonons, since the energy 
loss, typically about 0.08 eV, is much less than the 
resolution of the filter. 

There are two methods to performing energy 
filtering in transmission electron microscopy 
(TEM). One method uses a Castaing-Henry filter 
[31. The Castaing-Henry filter consists of two 90 
magnetic prisms and a retarding electric field. 
The filter is located between the objective lens 
and the intermediate lens. The electrons are sent 
to a 90” electromagnetic sector, and then they are 
reflected by an electrostatic mirror. The electrons 
having different energies are dispersed. The sec- 
ond 90” prism deflects the electron back onto the 
optic axis. A slit is placed before the intermediate 
lens and selects the electrons with specific energy 
losses. With this system, either the energy-filtered 
diffraction pattern or image is formed by the 
intermediate lens and projection lens as in con- 
ventional electron optic systems. The Castaing- 
Henry filter is unsuitable for primary beam volt- 
ages greater than about 100 kV. The filter de- 
signed by Senoussi et al. [4] is a better choice for 
higher energy electrons. This energy filtering can 
only be performed on a specially built TEM. A 
detailed introduction of this energy-filtering sys- 
tem and its applications has been given by Reimer 
and coworkers [5-71. The detection limits of this 
technique for chemical-sensitive imaging has re- 
cently been considered by Berger et al. [8]. 

The other energy-filtering method uses the 
parallel-detection electron energy-loss spec- 
troscopy (PEELS) system [9,10]. The electrons 
are dispersed by the magnetic sectors in the EELS 
spectrometer. An energy-selecting slit is intro- 
duced at the exit face of the EELS spectrometer 
to select the electrons with particular energy 
losses. A set of lenses are then arranged to re-dis- 
perse the electrons and re-form the image (or 

diffraction pattern) using the energy-selected 
electrons. The final image/diffraction pattern is 
recorded digitally using a charge-coupled device 
(CCD) camera. This energy-selecting system can 
be equipped to any existing TEMs without any 
modification to the electron optics. More impor- 
tantly, energy-filtering of high-resolution images 
can be performed using this method. 

In this paper, we first show energy-filtered 
HREM images of MgO cubes obtained using 
zero-loss (elastically scattered) electrons (Section 
3.1). The inelastic scattering mean-free-path 
length (A> is measured from the filtered image 
intensity. In Section 3.2, the localization effect of 
inelastic surface excitation in surface profile 
imaging will be examined. The dependence of the 
absorption function ,u = l/A on impact distance 
from the surface is shown in the energy-filtered 
profile images of MgO(100). In Section 3.3, com- 
position-sensitive imaging using electrons with 
characteristic energy losses of the ionization edges 
are illustrated. A spatial resolution of N 0.4 nm 
has been achieved. Then, composition-sensitive 
images formed by valence (or plasmon) loss elec- 
trons are demonstrated (Section 3.41, and a spa- 
tial resolution better than 1.0 nm is obtained. It is 
shown that plasmon-loss and multiply scattered 
valence-loss electrons can also form HREM lat- 
tice images. Finally, the dielectric response the- 
ory of interface excitation is applied to interpret 
the observed spatial resolution (Section 4). 

2. Inelastic excitations and energy-filtering 

The goal of an energy fiIter is to form images 
(or diffraction patterns) using electrons with spe- 
cific energy losses. The interaction between an 
incident electron and the atoms in condensed 
matter results in various inelastic scattering pro- 
cesses [ill. First, thermal diffuse scattering or 
phonon scattering is the result of atomic vibra- 
tions in crystals. This process does not introduce 
any significant energy loss (< 0.1 eV) but pro- 
duces large momentum transfer. Second, 
valence-loss (or plasmon for metals and semicon- 
ductors) excitation, which characterizes the tran- 
sitions of electrons from the valence band to the 
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conduction band, involves an energy loss in the 
range of l-50 eV. Third, atomic inner-shell ion- 
ization is excited by the energy transfer of the 
incident electron, resulting in an ejected electron 
from the deep-core states. This process is a signa- 
ture of the corresponding element, thus, it can be 
applied to form composition-sensitive images. 

There are two continuous energy-loss pro- 
cesses in electron scattering. Continuous energy- 
loss spectra can be generated by an electron 
which penetrates into the specimen and under- 
goes collisions with the atoms in it. The electro- 
magnetic radiation produced is known as 
Bremsstrahlung, leading to continuous energy loss 
that increases with increasing scattering angle. 
X-rays are usually generated. The other process 
is the energy transfer due to collision of the 
incident electron with an electron belonging to 
the specimen. This process is known as electron 
Compton scattering or electron-electron (e-e) 
scattering. Electron Compton scattering leads to 
large losses (a broad peak from a few tens of eV 
to several hundred eV) with a peak that moves to 
high energy losses for increasing scattering angle. 

In an electron energy-loss spectrum, the zero- 
loss peak is composed of elastically and thermal 
diffusely scattered electrons. The low-loss region 
is dominated by valence excitations. Atomic 
core-shell excitations usually produces energy 
losses from a few tens of eV to a few thousand 
eV, depending on the binding energy of the core 
electron. The background observed in EELS is 
produced by scattering processes of multiple va- 
lence excitations, electromagnetic radiation and 
e-e scattering (or electron Compton scattering). 
For composition-sensitive imaging, the back- 
ground due to continuous energy losses must be 
subtracted. 

The HREM experiments were performed us- 
ing an JEOL 3010 HREM (300 kV) with a point- 
to-point image resolution of 0.167 nm. The mi- 
croscope is equipped with the Gatan imaging 
filtering (GIF) system that allows both parallel- 
detection EELS and energy-filtered imaging/dif- 
fraction. A CCD camera, placed at the end of the 
energy-filtering system, allows digital recording of 
electron images and diffraction patterns at 1024 
x 1024 pixels resolution. The recorded image can 

be processed using a variety of image-processing 
softwares. 

When forming images using electrons that have 
suffered an energy loss AE, an additional focus 
shift of Af, = C,AE/E, is introduced with re- 
spect to the zero-loss energy-filtered image due 
to chromatic aberration effect; here C, is the 
chromatic aberration coefficient of the objective 
lens and E, the primary beam energy. Thus, the 
total defocus value is A f = Afobj + Af,, where 
Afobj is the defocus of the objective lens. Since 
C, is typically about 2 mm, Af, = 100 nm for 
energy loss AE = 15 eV. This defocus shift, 
caused by chromatic aberration, is sufficiently 
large to produce either contrast reversal or con- 
trast smearing. Thus, a mechanism, described be- 
low, is introduced in the design of the GIF con- 
trolling system in order to record an “in-focus” 
(with respect to the zero-loss image) energy- 
filtered image. 

When an energy-selected image is formed with 
electrons that have experienced no energy loss 
(elastic image), the imaging filter selects electrons 
of the primary energy E,. If the primary energy is 
then increased by AE, but everything else is kept 
the same, the new image formed by the electrons 
that have suffered an energy loss AE will still be 
formed with electrons of energy E,, having the 
same defocus as the elastic image. Since the 
energy of the imaging electrons is not changed, 
the objective lens does not need to be refocused. 
Since it would be unwise to increase the high 
voltage of the TEM above its maximum operating 
value, the GIF control of the microscope primary 
energy is connected in such a way that it can only 
decrease the primary energy. This idea was origi- 
nated by Colliex [12]. This means that under 
normal operation, the beam energy is automati- 
cally lowered by 2 kV as soon as the GIF system 
is turned on, and then increased by A E as needed 
for energy-selecting to reach energy losses up to 2 
keV high. Therefore, the microscope was oper- 
ated at voltages from 298 to 300 kV. Independent 
of the mode and magnification of the microscope, 
the GIF system allows only 3 mm diameter illu- 
minated area at the position of the microscope 
viewing screen to be recorded. 

In this paper, surface profile imaging is stud- 
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ied using MgO cubes, with edge dimensions of 
about 200 nm. The cubes were collected on holey 
carbon films from MgO smoke whiie burning an 
Mg ribbon in air. The interface studies were 
carried out using cross-sectional Ti/Al multilayer 
samples, which were prepared by vapor deposi- 
tion. The layer thickness is about 50 nm. The 
width of energy-selecting slit was chosen as 8 eV 
for most of data acquisitions. For Ti-L edge, the 
energy window was chosen as 20 eV in order to 
get enough intensity. For all the data acquisition, 
the dose rate was O-2-0.4 pA/nm2. 

3. Experimental results 

3.1. HREM using zero-loss electrons 

An important application of the energy fitter is 
to form HREM images using electrons without 
energy loss, i.e. purely elastically and quasi-elasti- 
cally (i.e. phonon) scattered electrons. Accurate 
structure determination is feasible using these 
images, since image simulations can be done ac- 
curately based on elastic scattering theory. The 
GIF system allows recording energy-selected 
atomic resolution images. Two factors can be 
assessed from this study: (1) the contribution of 
inelastically scattered electrons to HREM im- 
ages; and (2) the effect of absorption by inelastic 
scattering on images obtained using zero energy- 
loss electrons. 

Fig. 1 shows a pair of MgO lattice images 
recorded using all the transmitted (Fig. la) and 
only elastically transmitted (Fig. lb) electrons, 
respectively. The MgO cube is oriented along 
[llO], so that the contrast variation as a continu- 
ous function of the specimen thickness, from zero 
(at the top) to 33 nm (at the bottom), is revealed 
by a single image. The local thickness is twice the 
distance measured from the wedge of the cube in 
the image. When the specimen is thinner than 
about 20 ‘rim, no significant differences are seen 
between the filtered and unfiltered images. In the 
unfiltered image, the image contrast is dramati- 
cally decreased when the specimen thickness is 
about 40 nm (as indicated by an arrowhead), but 
the zero-loss filtered image shows significantly 

better contrast. Quantitative calculation has 
shown that the high-resolution phase contrast is 
improved from 7% to 11% when the image filter 
is applied. The advantage of energy-filtering is 
pronounced particularly when the specimen 
thickness is large, as seen at the bottom of Fig. 1. 
Although the intensity in the filtered image drops 
due to inelastic absorption (see below), the image 
contrast is improved significantly. This allows 
structure determination from specimen areas with 
larger thicknesses. Our results here demonstrate 
the improvement of high-resolution phase con- 
trast when the energy-filtering is applied. Theo- 
retical and experimental evaluations on the im- 
provement of low-resolution image contrast with 
the use of an energy filter have given be Reimer 
and co-workers [13,14]. 

We now look at the zero-loss image and try to 
extract some useful information. In TEM imag- 
ing, the energy-loss distribution of all the trans- 
mitted electrons is described by Poisson’s law [15] 

J(AE) = exp( -d/A) C 
iI=0 

= exp( -d/A) + exp( -d/A)( d/A)f, 

with 

fE is the single-loss function, @ stands for energy 
convolution calculation and d is the specimen 
thickness. In Eq. (0, the first term is the zero-loss 
intensity, which decreases with increasing speci- 
men thickness in agreement with the observation 
shown in Fig. lb. The second term is the first 
order valence (or plasmon) excitation, the third 
term being the second order plasmon excitation. 
It can be directly proven from Eq. (1) that 

/ 
-dAEJ(AE) = 1, 

0 
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E4. (3) means the conservation of the total elec- 
tron intensity. Theoretically, the intensity of the 
zero-loss energy-filtered image is : related to the 
local specimen thickness by 

.I,, = exp( -d/A) = IO/I, (4) 

where I, and I are the average intensities of the 

zero-loss filtered and unfiltered images, respec- 
tively. Since the local thickness of MgO can be 
directly measured from the image owing to its 
cubic shape, and I, and I can be directly deter- 
mined from the images recorded with and with- 
out energy-filtering, respectively, Eq. (4) can be 
applied to measure the inelastic mean-free-path 
length A. 

Fig. 1. Energy unfiltered (a) and zero-loss filtered (b) HREM profile images of MgO(100) surface, oriented along [Oli]. The 

specimen thickness increases linearly from zero along the direction indicated. 
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Fig. 2 shows a plot of 1,/I as a function of 
specimen thickness d. This curve was obtained by 
dividing the intensity of the image formed by the 
zero-loss electrons (Fig. lb) by that of the image 
formed by the entire transmitted electrons (Fig. 
la). An intensity line scan is made along [Oil], 
parallel to which the specimen thickness in- 
creases linearly. If d/A << 1, from Eq. (41, 1,/Z 
= 1 - d/A, thus, the slope of the 1,/f - d curve 
is (- l/A). The measurement from Fig. 2 gives 
A = 181 nm for MgO at 300 kV. This value was 
measured for zone-axis electron diffraction con- 
dition for an objective aperture of radius 1 A-‘. 

3.2. Energy-filtered x.&ace profile images 

Determining surface and interface microstruc- 
tures is important in materials research. Cur- 
rently HREM is the only technique that can 
directly reveal the atomic structure of interfaces 
in real space. In HREM, atomic structures of 
crystal surfaces can be imaged if the surface is 
parallel to the incident beam. This is the surface 
profile imaging technique [ll. We choose MgO 
(10(J), which is atomically flat. When viewing along 
[Oil], the specimen thickness increases linearly 
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Fig. 2. Normalized zero-loss electron intensity (&,/I) as a 
function of specimen thickness. This plot was obtained from 
the experimental data shown in Fig. 1 after some statistical 
average. Objective semi-collection angle is 1.0 ,&-I. 

along [Oil], but is constant along [lOOI. Thus the 
contrast variation along [lOOI can be used to 
study the surface excitation as the function of the 
electron impact distance from the surface. Exper- 
imental results will be shown in this Section, the 
corresponding theoretical analysis will be given in 
Section 4.1. 

Figs. 3a and 3b compare the unfiltered and 
zero-loss filtered [Oli] profile images of MgO 
(100) surface, respectively. The contrast in the 
filtered image is slightly better than that of the 
unfiltered image. For accurate image processing, 
the intensity of each pixel corresponding to areas 
in vacuum far from the surface is normalized to 1 
in order to remove the statistical fluctuation of 
electron arriving rate. The intensity variation at 
the top surface layer results from Fresnel fringes 
1Ml. 

The subtraction of the intensity of the zero-loss 
filtered image (Fig. 3b) from that of the unfil- 
tered image (Fig. 3a) gives the image formed by 
all the inelastically scattered electrons, as shown 
in Fig. 3c. The arrowhead indicates [lOOI. In this 
subtraction process, caution must be taken in 
order to correct the specimen drift between the 
recording of the two images. This is done with 
reference to a characteristic feature appearing in 
both the images. Although the contrast of Fig. 3c 
is poorer than the zero-loss image, crystal lattices 
can still be resolved. The contrast smearing re- 
sults from the energy spreading of the inelasti- 
cally scattered electrons due to chromatic aberra- 
tion. 

To see the variation of absorption function 
l/A near the surface as a function of the elec- 
tron impact distance from the surface, Fig. 3d 
shows the processed image of I,,/1 obtained by 
dividing the intensity of the zero-loss image by 
that of the unfiltered image. The results of an 
intensity line scan along [lo01 (as indicated in Fig. 
3d) normal to the surface is shown in Fig. 4, 
where the output values were averaged over a 
width of 100 pixels parallel to the surface. Disre- 
garding the intensity variation at the edge of the 
surface due to Fresnel fringes [161, the average 
intensity profile drops slightly when the beam 
impact distance approaches the surface, indicat- 
ing less inelastic absorption near the surface. The 
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interpretation of this phenomenon will be given 
in Section 4.1. 

A clear fact shown above is the absorption 

introduced by inelastic scattering. The absorptidn 
function drops continuously when the electron 
approaches the surface. Therefore, a proper ab- 

Fig. 3. Energy unfiltered (a) and zero-loss filtered (b) HREM profile images of MgO(lOO), oriented along [Oll]. (c,d) Processed 
images formed by the entire inelastically scattered electrons and the normalized zero-loss electrons (1,/I), respectively; (c) is a 
distribution of inelastic absorption function. A stacking fault and the associated partial dislocation are indicated by an arrowhead in 
(b). 
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sorption function has to be introduced in the 
image calculation in order to simulate the zero- 
loss energy-filtered images. 

3.3. Composition-sensitiue imaging using core-shell 
scattered electrons 

Compositional imaging at high spatial resolu- 
tion is vital for solving problems in materials 
science. There are four basic methods for obtain- 
ing composition-sensitive images. In scanning 
transmission electron microscopy (STEM), inelas- 
tically excited signals, such as X-rays and Auger 
electron emissions, are acquired sequentially as a 
function of electron scanning position [17,18]. A 
two-dimensional display of the acquired signal 
intensity gives a distribution map of the corre- 
sponding element. Backscattered electrons in 
STEM (or scanning electron microscopy) gives a 
composition-sensitive image because the atomic 
backscattering factor is directly proportional to 
the atomic number Z. High-angle annular dark- 
field imaging (HAADF) in STEM and high-angle 
hollow-cone dark-field TEM (HADF-TEM) pro- 
vide chemical images of a specimen [19,20], be- 
cause the intensity of high-angle phonon-scattered 

- 
-3.0 -2.0 -1 .o 0.0 1.0 

Distance x (nm) 

Fig. 4. A plot of the line scan intensity across the Mg0(100) 
surface, as indicated in Fig. 3c, showing the variation of the 

absorption function across the surface. The intensity oscilla- 

tion at the surface Lx = 0) is due to Fresnel fringes. 

electrons is also related to atomic number Z. 
Energy-selected electron images correspond to 
atomic inner-shell ionization edges also allow 
chemical-sensitive imaging in STEM [21,22] and 
TEM [9]. 

Using the GIF system it is feasible to obtain 
chemical images of a specimen at high spatial 
resolution. Since the ionization signal of the 
atomic inner shell usually sits on a strong back- 
ground in EELS, three energy-selected images 
are usually recorded from each specimen area in 
order to retrieve the chemical image. Typically, 
two images are from the pre-edge electrons in 
order to evaluate the background, and the third 
image is formed by the electrons when the en- 
ergy-selecting slit is positioned at the element 
ionization edge. A numerical processing of these 
images according to the method introduced in 
Ref. [93 gives a distribution map of the element. 
However, it must be pointed out that this three- 
window technique may not be accurate for low 
energy-loss ionization edges because of the non- 
exponential shape of spectrum background owing 
to the peaks of multiple plasmon excitation. 

Fig. 5a is a zero-loss HREM image of an 
Al/Ti interface, and Figs. 5b-5d are the corre- 
sponding background-subtracted chemical-sensi- 
tive images obtained using the electrons corre- 
sponding to different ionization edges of Al and 
Ti, respectively. A dislocation line, which is lo- 
cated at the twin boundary of two Al grains, is 
seen in Fig. 5a. The Ti layer is at the right-hand 
side. The Al and Ti layers have twin relationship. 
As reported by Shechtman et al. [231, the Ti layer 
has transformed from hexagonal close packing to 
face centered cubic structure after being thinned 
by ion milling. The interface as seen in the zero- 
loss image (Fig. 5a) is not sharp. Diffraction con- 
trast due to interface mismatch and stress makes 
the interface appears broad. Fig. 5b is an energy- 
selected image of the interface using the Al-L,,, 
edge electrons with energy losses from 73 to 83 
eV, where the Al layer is clearly resolved. The 
change of contrast in the image reflects the varia- 
tion of the projected (or thickness integrated) 
local density of Al, provided the background is 
properly subtracted. The image (Fig. 5c) recorded 
using the Ti-L,,, edge, located at energy loss of 
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455 eV, shows the distribution of Ti. The image the two images is consistent, in that the high Ti 
formed by the Ti-M edge, located at energy loss concentration seen at the up-right corner of Fig. 
about 40 eV, also clearly reveals the existence of 5d is also shown at the same region in Fig. 5c. 
the Ti layer (Fig. 5~). The Ti distribution given by Theoretically, the Ti-L edge is considered to 

Fig. 5. (a) Zero-loss, 6) background-subtracted A1-LL3 edge (AE = 73 eV>, (c) background-subtracted Ti-L,, edge (AE = 455 eV> 

and Cd) Ti-M,,3 edge (A E = 40 eV) energy-selected HREM images of an Al/T1 (111) interface. Crystal structure is clearly seen in 

the zero-loss image. The composition map is provided by (b)-(d). Beam azimuth [liO]. 
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be a much more localized scattering than the 
Ti-M edge, thus a better spatial resolution is 
expected to be given by the image formed by the 
Z-L edge, in contrast to the experimental results 
shown in Figs. SC and 5d. This remarkable result 
indicates that, as long as the selected electrons 
come from the inner-shell ionization with either 
lower or higher energy losses, the spatial resolu- 
tion is mainly affected by the signal-to-noise ra- 
tio. One possible method to improve the signal- 
to-noise ratio is to increase the width of the 
energy filter. However, the chromatic aberration 
in this case is a vital factor which limits the image 
spatial resolution. 

It is important to point out that the presence 
of diffraction contrast has little effect on the 
core-loss energy-filtered images. Thus, the 
diffraction contrast is seen in Fig. 5a, but not in 
Figs. 5b and Sd. In these ionization energy-filtered 
images, the image contrast is proportional to the 
projected number of atoms characterized by the 
selected ionization edges, respectively. Thus, each 
energy-selected core-loss electron image provides 
a thickness integrated chemical image of the 
specimen if the background image is properly 
subtracted. 

3.4. Composition-sensitive imaging using ualence- 
loss electrons 

In chemical-sensitive imaging using core-loss 
electrons, the signal-to-noise ratio becomes worse 
if the ionization edge is located at higher energy 
losses. Therefore, enhancing the signal-to-noise 
ratio is the most important step for obtaining 
chemical images using inner-shell ionization 
edges. For this reason, we explore the possibility 
of using plasmon-loss electrons for chemical-sen- 
sitive imaging. In this Section, we show the com- 
positional information carried in plasmon 
energy-selected electron images. The observed 
spatial resolution will be interpreted based on the 
dielectric response theory given in Section 4.2. 

Fig. 6a shows a comparison of the plasmon-loss 
EELS spectra obtained from the Al and Ti layers, 
respectively. The Al plasmon peak is located at 
15 eV and the Ti plasmon peak at 21 eV. When 

a 60- 
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Fig. 6. (a) EELS spectra acquired from the At and Ti layers, 

showing the piasmon peaks for Al and Ti. The Ti-M, edge is 

ako shown in the spectrum. fb) An EELS spectrum recorded 

from the transmitted electrons at the Al/Ti interface. 

the EELS spectrum is acquired from both the 
Al/Ti layers (Fig. 6b), the Al plasmon is a sharp 
peak centered at 15 eV energy loss, and the 
shoulder peak at 21 eV energy loss is the plasmon 
loss of the Ti layer. If an energy-selecting window 
is set at 15 and 21 eV, the images formed will 
display the regions that correspond to Al and Ti, 
respectively. 

Fig. 7 shows a group of images of the zero-loss 
(Fig. 7a), Al plasmon (Fig. 7b) and Ti plasmon 
(Fig. 7c) energy-selected electrons. It is apparent 
that the Al layer -and Ti layer show bright con- 
trast in Figs. 7b and 7c, respectively, which repre- 
sent high local atomic concentrations. Two ad- 
vantages are seen in the plasmon-loss energy- 
selected images. The plasmon-loss intensity is 
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Fig. 7. (a) Zero-loss, (b) Al plasmon (AE = 15 eV) and (c) Ti plasmon (AE = 22 eV) energy-selected HREM images of an AI/Ti 
(111) interface, showing the composition sensitivity. But the image contrast is largely influenced by diffraction contrast effect. 
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Fig. 8. (a) Zerodoss and (b) 15 eV Al plasmon loss energy-selected HREM images of an Al/Ti (111) interface, showing the 

formation of lattice images by plasmon-loss electrons. Energy window A = 4 eV. Beam azimuth [IiOl. 
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much larger than the core-shell loss intensity, 
thus, the image shows better signal-to-noise ratio. 
The influence of background in valence-loss re- 
gion is negligible, but it is strong in the energy-loss 
region of core-shell ionization edges. Thus, data 
processing is more important in the latter case. 

It must be pointed out, however, the energy- 
selected plasmon-loss image may not be sensitive 
to the local chemistry if there are strong overlaps 
in the energy-loss spectra. This occurs for most 
non-metallic materials. As seen in Fig. 7b, for an 
example, the intensity seen at the Ti side is due 
to the stronger overlap of Ti peak with the en- 
ergy-selecting region. 

A comparison of the images formed by zero- 
loss (Fig. 7a) and plasmon-loss electrons (Figs. 7b 
and 7c) shows the preservation of diffraction con- 
trast. The dark contrast patches seen in the zero- 
loss image are seen in the energy-selected plas- 
mon-loss images. This result agrees with the early 
theory of Howie [24]. Since plasmon loss is a very 
small angle scattering process, the column ap- 
proximation assumed in diffraction contrast cal- 
culation holds. Also diffraction contrast is less 
sensitive to a small change in the lens focus. It 
must be pointed out, however, that the phase 
contrast, which carries high-resolution informa- 
tion, is not exactly preserved in the plasmon-loss 
image due to chromatic aberration effect, as 
pointed out earlier by Wang and Bentley 1251. 
Lattices are still resolved in the image formed by 
plasmon-loss electrons, but the contrast variation 
may not show the same profile as the zero-loss 
electrons image. 

The preservation of diffraction contrast in 
plasmon-loss images can greatly influence the in- 
terpretation of the image contrast. Thus, the 
overall image intensity is a representation of the 
average chemical composition, but the local im- 
age contrast depends sensitively on the presence 
of defects, or more generally, strain. 

3.5. HREM of plasmon-loss electrons 

Using the energy filter, HREM lattice images 
of crystals can be formed with electrons that have 
suffered energy losses in a well defined, narrow 
band due to inelastic interactions with the crystal. 

Theoretical calculations have shown that signifi- 
cant details can be introduced in the images by 
the plasmon-loss electrons, particularly when 
grain boundaries are present [25,26]. Figs. 8a and 
8b show a pair of HREM images of an Al/Ti 
(111) interface recorded using zero-loss and Al 
plasmon-loss electrons, respectively. It is appar- 
ent that the crystal lattice fringes are resolved in 
the image recorded using the inelastically scat- 
tered electrons, although the image contrast is 
not exactly preserved in comparison to the zero- 
loss electron image (Fig. 8a). Thus, the overall 
contrast of the plasmon-loss energy-selected im- 
age may provide composition-sensitive informa- 
tion, but the lattice fringes are still governed by 
phase contrast, as in conventional HREM, ex- 
hibiting contrast reversal with the change of focus 
and/or specimen thickness. Therefore, the bright 
fringes are not necessary representing the Al (or 
Ti) atomic planes. 

The plasmon-loss electron image is the result 
of interference between electrons elastically scat- 
tered to different Bragg beams both before and 
after inelastic excitations. The coherent interfer- 
ence between these beams, producing lattice im- 
ages, is possible because electrons inelastically 
scattered by the same crystal state (and therefore 
having the same energy loss and momentum 
transfer) are still coherent. Since there are many 
crystal states of different energies and momenta, 
the final image contrast is reduced due to the 
incoherent superposition of the electrons scat- 
tered by different crystal states. 

Lattice images can also be formed by multiply 
scattered plasmon electrons. For energy losses 
smaller than about 200 eV in EELS spectra, the 
background is mainly dominated by multiple plas- 
mon scattering. Figs. 9a and 9b compare the 
zero-loss and multiple plasmon-loss electron im- 
ages of an Al/Ti interface. Fig. 9b was recorded 
by selecting the electrons with energy losses be- 
tween 60-70 eV before the Al-L,, edge. This 
part of the energy-loss spectrum ‘contains the 
extended portion of the Ti-M, 3 edge, resulting in 
stronger intensity at the Ti side. The Ti lattice 
fringes are also seen. In addition, an energy- 
selected image of the Al-L edge is shown in Fig. 
9c. The poor signal-to-noise ratio in this image 
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Fig. 9. (a) Zero-loss, (b) 65 eV EELS background loss and (c) background-subtracted A1-L2,~ edge energy-selected HREM images 
of an AI/Ti (111) interface, after subtraction of background, showing the formation of lattice images by multiple plasmon-loss 

electrons. Energy window A = 10 eV. Beam azimuth [IiO]. 
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Fig. 10. (a) Zero-loss, (b) background-subtracted AI-L,,, edge and (c) 15 eV Al plasmon-loss energy-selected HREM images of an 

AI/Ti (111) interface. Crystal structure is clearly seen in the zero-loss image. Composition map is provided by both (b) and cc). 
Energy window A = 8 eV. Beam azimuth [l?O]. Data acquisition time 2 s. 
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results from the short acquisition time. In prac- 
tice, specimen drift can be a serious problem, 
particularly at high-resolution imaging, if the ac- 
quisition time is long. Thus, the image acquisition 
has to be performed.in a shortest possible time if 
one is looking for the highest spatial resolution. 

In the multiple plasmon-loss electron image 
(Fig. 9b), the intensity at the Ti side is signifi- 
cantly stronger than that at the Al side. This 
observation may also be interpreted with the con- 
sideration of the electron stopping power, an 
average rate at which the electron energy de- 
creases while transmitting the crystal. Since the 
stopping power increases with increasing atomic 
number [27], more electrons are expected to ex- 
perience energy losses at the Ti side. Our obser- 
vations in this Section have shown consistent re- 
sults as reported by others [28-301. 

3.6. Spatial resolution in energy-filfered composi- 
tion-sensitive imaging 

The energy-selected images using inelastically 
scattered electrons in the last few sections were 
taken with relatively longer acquisition periods 
(typically about 5-10 s) in order to improve the 
signal-to-noise ratio. Thus, the image contrast at 
the interface may be slightly smeared out by 
specimen drift. In order to get a better measure- 
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Fig. 11. An intensity line scan across the At/Ti interface from 
the image recorded using the AI-Lz, edge energy-loss elec- 

trons (Fig. lob), showing the spatial resolution obtained in 
core-loss electron imaging. 
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Fig. 12. An intensity line scan across the AI/Ti interface from 

the image recorded using the 15 eV Al plasmon-loss electron 

image (Fig. lOc), showing the dependence of inelastic absorp- 
tion function on the impact distance n of the electron from 

the interface. This curve determines the spatial resolution of 

valence-loss electron imaging. 

ment of the spatial resolution obtained using the 
GIF system, the image acquisition time was re- 
duced to 2 s. Fig. 10a is a zero-loss energy-filtered 
11103 HREM image of an Al/T1 multilayer inter- 
face. The interface is clean and structurally sharp 
with a width less than two atomic layers. Fig. lob 
shows the corresponding energy-selected electron 
image of the Al-L,, ionization edge. The chemi- 
cal sharpness of the interface is seen directly. The 
arrowheads indicate a few places where higher Al 
concentrations are observed because of their 

. . 
stronger mtensrty m the Al-La,, ionization edge 
image. These paired high-resolution structure and 
chemical images are very useful for unique deter- 
mination of the local crystal structure and chem- 
istry. 

To see the spatial resolution obtained using 
the energy-filtering system, an intensity line scan 
across the Al/Ti interface is made and the result 
is averaged for a width of 50 pixels parallel to the 
interface. The intensity scan from the AI-L,, 
edge energy-filtered image of Fig. lob is shown in 
Fig. 11. Each dot in this figure is a pixel. The 
intensity variation from pixel to pixel is the statis- 
tical noise. But an average intensity drop between 
the Al and Ti sides is apparant. The Al concen- 
tration shows a sharp jump at the interface and a 



spatial resolution of about 0.4 nm is obtained. 
With consideration the fact that the interface 
may not be absolutely monolayer sharp, the spa- 
tial resolution may be better than 0.4 nm. This 
value is consistent with the early studies of Mory 
et al. [31] who showed 0.4 nm spatial resolution 
from the energy-filtered images of U-O,, edge 
with the use of single atom uranium specimen in 
STEM. 

To estimate the spatial resolution of the plas- 
mon-loss electron image (Fig. lOc>, a line scan is 
made across the AI/Ti interface, and the result is 
shown in Fig.’ 12. The free oscillation in the 
intensity profile is due to the lattice fringes. The 
intensity profile drops within a distance of 2 nm 
around the interface. Thus, the spatial resolution 
is approximately 1.0 nm. This spatial resolution is 
determined by the non-lodalized scattering of va- 
lence electrons. A theoretical analysis will be 
provided in Section 4.2. 

As chromatic aberration effect is concerned, it 
seems that the optimum spatial resolution is ob- 
tained with the use of a small width energy win- 
dow, provided the signal-to-noise ratio is strong 
enough. In this case, the energy-selected ioniza- 
tion image is sensitive to specimen composition 
but it is not strictly the compositional image, at 
least for some elements whose near edge free 
structures are strongly affected by the solid state 
effect, such as O-K. This is because the quantifi- 
cation of specimen composition from the energy- 
selected ionization edge image depends on the 
integrated ionization cross-section @,(A) of the 
element; Unfdrtunately, aA< A) is, at least for some 
elements, strongly affected by the solid state ef- 
fect if the integration window A is smaller than 
about 30 eV [321. Therefore, for a general case, 
the energy-filtered ionization edge image should 
be referred to as composition-sensitive image 
rather than compositional image. 

4. Theoretical interpretation 

4.2. Locu~izat~~n effect in surjface excitatioiz 

We now consider the interface excitation by an 
electron beam. Valence excitation spectra can be 

quantitatively simulated with the use of the di- 
electric response theory 133-351. In this theory, 
an incident electron is treated as a particle that 
moves along a well defined path. This model 
holds as long as the changes of electron energy 
and momentum are small. In the general case, an 
interface is formed by two media with dielectric 
functions E~ and Ed. The two media are assumed 
to be semi~i~fini~ large and is separated by a 
sharp interface located at x = 0. The incident 
electron is assumed to travel at a distance x0 in 
medium E~ parallel to the interface. The energy 
loss of the electron is the work done by the 
induced charges distributed in the bulk and at the 
interface to slow down the electron motion. The 
energy-loss rate per unit distance is related to the 
excitation probability by 

dE 

i 

d2P 
--= =dw tto----- 

dz o dwdz’ 

For simpIici~, we use the non-relativistic dielec- 
tric response theory. The excitation probability of 
the valence band is [34,35] 
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where u is the electron velocity; e is the electron 
charge; 4, is the cut-off wave vector of valence 
losses; and E, and Et are the dielectric functions 
of media 1 and 2, respectively, which are assumed 
to be independent of the wave vector 4. A rigor- 
ous form of Eq. (6a) with the inclusion of rela- 



tivistic correction has been given by Garcia- 
Molina et al. C3.51. fn Eq. (6a), the first term is the 
excitation probability of the volume plasmon as a 
function of the incident electron impact distance 
from the interface. This term decreases as the 
electron approaches the interface. The second 
term is the excitation probability of the interface. 

In the case of surface excitation, the excitation 
probability for an external beam case is obtained 
after substitutions of E, = 1 and e2 = E, 

d’P(x,) e2 

dz dw = 271.%,lW 
Im{-&]&(T), 

(7) 
for x0 > 0. For an internal beam (x, < O>, 

Im(-l/&J and Im{-2/(E + l>] are the volume and 
surface energy-loss functions, respectively. The 
inelastic absorption function is calculated by 

1 

I 
d2PW p=; 

‘L(xo) = n(x,) 
mdw 

A dzdw ’ (9) 

where A is the width of the energy-selecting slit. 
Fig. 13 shows the calculated absorption func- 

tion as a function of the electron beam impact 
distance from the MgO(100) surface. The solid 
and dash-dotted lines represent the excitation 
probabilities of the volume (VP) and surface plas- 
mons (SP), respectively. The dashed line is the 
total excitation probability of the surface and 
volume plasmons. The excitation of the volume 
plasmon occurs only when the electrons pene- 
trate deep into the crystal. The excitation of the 
surface plasmon occurs in a region about 1.5 nm 
from the surface. Only surface plasmon is excited 
if the electron is traveling outside of the crystal. 
It is apparent that the total absorption function 
experiences a sharp drop when the electron im- 
pact distance across the surface. The profile of 

3.01 
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Fig. 13. Calculated absorption function @ = dP/dz across an 

MgO(100) surface, showing the dependence of the absorption 
function on the impact distance of the electron from the 

surface. E, = 300 keV, qC = 10 nm-‘. SP: surface plasmon; 

VP: volume plasmon. 

the volume plasmon agrees very well with the 
observed curve shown in Fig. 4. This result will be 
explained in Section 4.3. 

4.2. Spatial resolution in composition-sensitive 
imaging using valence-loss electrons 

To provide a theoretical interpretation regard- 
ing the spatial resolution observed in the plas- 
mon-loss electron image shown in Fig. 12, we now 
apply Eq. (6a) to calculate the intensity observed 
in the image across the Al-Ti interface. If the 
media on the both sides of the interface have the 
same thickness, the electron intensity inelastically 
scattered to an energy-loss range AE, to AE, 
(A = AE, - AE,) is proportional to 

dP( x0> 
p= dz 

= 271_2&,hu2 @, 
ez ~~‘d~{Irn{ -b) 

W 
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Fig. 14. Calculated absorption function across an Al/Ti inter- 

face, showing the dependence of the absorption function on 

the impact distance the electron from the interface. E, = 300 

keV, qc = 10 nm-‘. The interface position is indicated by a 

vertical line. 

where o1 = AE,/fi and We = AE,/h. Fig. 14 
shows the calculated curve of the integrated exci- 
tation probability given by Eq. (10) for the Al-Ti 
interface, where the energy window was selected 
to include the Al plasmon, AE, = 11 eV and 
AE2 = 18 eV. The intensity drop at the interface 
is qualitatively in agreement with the experimen- 
tal observation shown in Fig. 12. The spatial 
resolution is half of the width within which the 
intensity drops from the flat Al region to the flat 
Ti region. Although the interface was assumed to 
be chemically sharp in the calculation, the spatial 
resolution is limited to about 1 nm. This localiza- 
tion effect results in chemical ambiguity at the 
interface. 

4.3. Classical model of interface excitation 

From the discussion given above, there are two 
discrepancies between the observed and the cal- 
culated absorption functions across the interface. 
For the MgO surface, the observed absorption 
profile (Fig. 4) does not agree to the calculated 
one for the total valence losses (surface and vol- 
ume> but the volume plasmon (Fig. 13). For the 
Al-Ti interface excitation, the gradient of the 
calculated curve (Fig. 14) is significantly larger 

than that of the observed one (Fig. 12). We now 
examine the model used for theoretical calcula- 
tions in order to provide an interpretation. 

The theory presented in Section 4.1 was de- 
rived based on a model which assumes that the 
two media are semi-infinity large and are sepa- 
rated by a sharp interface. For a thin foil of 
typical thickness about 20 nm used for surface 
profile HREM imaging, however, the infinitely- 
large surface (parallel to the electron beam) 
model fails. Thus, the model has over-estimated 
the contribution made by the surface excitation. 
In this case, the valence excitation is dominated 
by volume component. This is the reason that the 
calculated volume plasmon profile agrees well 
with the experimentally observed curve. 

In the theoretical calculation, the interface is 
considered as an ideal two-dimensional plane 
without thickness. The induced charges produced 
by the incident electron in the media are dis- 
tributed on this plane of zero thickness. In atomic 
dimensions, however, such a plane does not exist 
and the surface charges are distributed within 
about 0.5 nm from the top layer. In addition, the 
theoretical calculation has ignored the dispersion 
relation of the dielectric function by assuming 
that E is independent of wave vector 9. All these 
approximations have over estimated the contribu- 
tion made by surface excitation when the electron 
impact distance approaches zero, resulting in the 
sharp drop of the calculated curve at n = 0. 

5. Summary 

In this paper, we have shown some character- 
istics of energy-filtered HREM for surface and 
interface studies. Energy-selected electron im- 
ages can provide both structural and chemical 
information with high resolution. Zero-loss se- 
lected HREM images exhibit significantly in- 
creased image contrast in comparison to the un- 
filtered images, particularly for thicker speci- 
mens. From the zero-loss image, the inelastic 
mean-free-path length of MgO at 300 kV is de- 
termined as A = 181 nm. 

Localization effect of valence losses has been 
considered in the energy-selected MgO(100) sur- 



face profile electron images, indicating the de- 
crease of the inelastic absorption function when 
the electron impact distance approaches the sur- 
face. This result has been interpreted using the 
calculated result of dielectric response theory for 
surface excitation. 

High-resolution chemical-sensitive imaging us- 
ing core-shell loss electrons in transmission elec- 
tron microscopy (TEM) has been demonstrated 
in the studies of AI/Ti multilayer thin films. A 
spatial resolution of N 0.4 nm has been obtained 
across the interface. Specimen chemical informa- 
tion can be provided by the Gatan imaging filter- 
ing system at an acquisition time much shorter 
than the acquisition time using energy-dispersive 
X-ray spectroscopy. It has been shown that the 
spatial resolution of the energy-selected ioniza- 
tion edge electron image is dominated by the 
signal-to-noise ratio; the signal localization, as 
long as it comes from inner-shell excitation, has 
little effect. Thus, an ionization edge, located at 
lower energy-loss region with strong intensity, is 
recommended for chemical-sensitive imaging. 
However, cautions must be exercised in the sub- 
traction of the background. 

Composition-sensitive imaging using plasmon- 
loss electrons is also feasible, and a spatial reso- 
lution better than 1.0 nm has been obtained. The 
signal-to-noise ratio is usually strong enough to 
image fine details in the specimen. For interfaces, 
the inelastic absorption function depends sensi- 
tively on the impact distance of the electron from 
the interface. This profile has been measured 
experimentally, and the result has been compared 
with the calculation of the dielectric response 
theory. 

Lattice images can be formed by plasmon-loss 
and multiple plasmon-loss electrons. The image is 
the result of interference between electrons elas- 
tically scattered to different Bragg beams both 
before and after inelastic excitations. The coher- 
ent interference between these beams is possible 
because electrons inelastically scattered by the 
same crystal state are coherent. Thus, the phase 
contrast mechanism holds. However, the image 
contrast is poor because there are many crystal 
states and the scattering between these states is 
incoherent. Thus, the observed image is an inco- 

herent superposition of the electrons scattered by 
different crystal states. 
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