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Abstract 

Lattice images formed by plasmon energy-loss electrons in an energy-filtered transmission electron microscope are 
compared for different experimental parameters. The image resolution is primarily determined by chromatic aberration 
which is controlled by the width of the energy selection window. With an energy slit 3 eV in width, the plasmon loss 
electron image shows the same resolution and contrast as that recorded using the zero-loss electrons in a 300 kV 
transmission electron microscope equipped with a L a B  6 gun. A discussion on the image resolution in reference to the 
width of the energy window is given. 

PACS: 61.16.-d; 61.14.Rg 
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1. Introduction 

Conventional high-resolution transmission elec- 
tron microscopy (HRTEM) is dominated by 
phase-contrast, which is the coherent interference 
property of elastically scattered waves. The 
H R T E M  images are usually recorded without the 
use of an energy filter, so that both the elastically 
and inelastically scattered electrons contribute to 
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the image. The inelastically scattered electrons tend 
to reduce the image contrast due to their incoher- 
ence and the effects of chromatic aberration. This 
makes quantitative data analysis difficult because 
only the elastic scattering of electrons can be accu- 
rately simulated using dynamical theories. 

For high-resolution lattice imaging, filtering of 
inelastically scattered electrons in the recorded im- 
age has become technically feasible only in recent 
years [1 6]. An energy filter can remove all of 
the inelastically scattered electrons except those 
scattered by phonons, which typically suffer an 
energy loss less than 0.1 eV, much less than either 
the resolution of the filter or the energy spread of 
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the emission source. The energy filter can also be 
applied to form the images using electrons that 
have excited a particular crystal state or an inner- 
shell state of an element in the specimen, forming 
composition-sensitive images. However, some 
questions remain regarding the characteristics of 
the images formed by inelastically scattered elec- 
trons. For example, the following questions are of 
interest: how does inelastic scattering affect the 
contrast of images formed by elastically scattered 
electrons and does the image formed by the inelasti- 
cally scattered electrons have structural features 
that correspond to the crystallographic structure of 
the specimen? under what conditions does the con- 
trast observed in the inelastic-electron images pre- 
serve the contrast of the elastic-electron image? and 
what is the achievable resolution in inelastic elec- 
tron imaging? 

This paper is aimed at answering some of these 
questions. The coherence and incoherence of in- 
elastically scattered electrons are first examined 
theoretically. Then, lattice images of inelastically 
scattered electrons are shown as a result of Bragg 
scattering of the crystal. The experimental para- 
meters that affect the resolution of the inelastic 
electron image are demonstrated. It is concluded 
that the images formed by inelastically scattered 
electrons can offer the same resolution as the elastic 
electrons if the energy window is smaller than 3 eV. 
However, the small width of the energy window 
significantly increases the data acquisition time and 
noise level. 

2. Theory 

The original theory for describing the diffraction 
of inelastically scattered electrons in crystals was 
given by Kainuma [7] and Yoshioka [8]. In this 
theory, energy level e, and wave vector q, are the 
"quantum numbers" used to characterize a crystal 
state. Electron waves, 7J,, inelastically scattered by 
the same crystal state regardless of the dynamical 
elastic scattering before and/or after inelastic 
excitation, are coherent. Therefore, the dynamical 
diffraction of the inelastically scattered electrons, 
belonging to the same state q~,, has the same char- 
acteristics as those of the elastic electrons [-9, 10]. It 

is possible to form lattice images using inelastically 
scattered electrons, as demonstrated theoretically 
[11-13] and experimentally [14, 15]. Moreover, 
electrons inelastically scattered to different excited 
states 7J, and ~]r'lrn a r e  incoherent. 

In practice, there are many inelastic states. The 
experimentally recorded image is an incoherent 
superposition of the images formed by inelastic 
electrons belonging to different excited states, pro- 
vided there is no energy filtering. It is thus generally 
considered that the inelastic electrons contribute 
a background. With the energy filtering device, it is 
now possible to separate the contributions made by 
the electrons that have undergone different inelastic 
excitation processes, thus, enabling the fine con- 
trast features in the image to be examined, as 
shown below. 

3. Experimental results 

The experiments were performed at 300 kV using 
an JEOL 3010 high resolution transmission elec- 
tron microscopy (HRTEM) equipped with a Gatan 
image filtering (GIF) system that allows acquiring 
both parallel-detection electron energy loss spectra 
and energy-selected TEM electron images. The 
Schertzer resolution of this microscope is 0.17 nm 
(Cs = 0.6 mm and Cc = 1.3 mm). A CCD camera, 
placed at the end of the energy filtering system, 
allows digital recording of electron images. It must 
be pointed out that the energy-loss image was re- 
corded with a correction in the kinetic energy of the 
incident electrons to compensate the chromatic ab- 
erration, as incorporated in the design of the GIF 
system. A detailed description of the experimental 
method is given elsewhere [-6, 16]. 

3.1. Lattice images formed by inelastically scattered 
electrons 

Using an energy filter, HRTEM lattice images of 
crystals can be formed with electrons that have 
suffered energy losses in a well-defined narrow 
band by inelastic interactions with the crystal. 
Selecting the width of the energy window is vitally 
important in forming lattice images, because the 
intensity distribution of the electrons with energy 
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losses within the energy window is equivalent to the 
energy spread of an electron source, which gives 
serious chromatic aberration. It is known that the 
contrast in an image recorded from an TEM equip- 
ped with a field emission gun (with energy spread 
0.3-0.6 eV) is much better than that recorded with 
a tungsten filament (with energy spread 1.5-3.0 eV), 
provided the optical configuration is identical. 
Fig. 1 shows a comparison of lattice images of 
a thin A1 foil recorded using electrons that have 
suffered the A1 plasmon energy loss using two dif- 
ferent widths of the energy window. An AI specimen 
was chosen because of the sharp volume plasmon 
peak. It is apparent that the image recorded at 
A = 3 eV shows better contrast than that recorded 
with A = 6 eV, as clearly indicated in the line scan 

profiles shown in Fig. lc and Fig. ld. The 0.234 nm 
lattice fringes are apparently resolved in Fig. l b 
but not in Fig. la, indicating the dependence 
of image resolution on the width of the energy 
window. 

The plasmon-loss electron image shown in Fig. 1 
is the result of interference between electrons elasti- 
cally scattered to different Bragg beams both before 
and after inelastic excitations. In other words, the 
lattice image formed by inelastically scattered elec- 
trons is the result of dynamical diffraction. Coher- 
ent interference between these beams and the 
production of lattice images is possible because 
electrons inelastically scattered by the same crystal 
state (and therefore having the same energy loss 
and momentum transfer) are still coherent. 
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Fig. h Plasmon loss energy filtered HRTEM images of AI [1 1 0] recorded using an energy selection slit of width (a) 6 eV and (b) 3 eV, 
showing the dependence of the image resolution and contrast on chromatic aberration. (c) and (d) are line scan intensity profiles 
(after averaging for 10 pixels in width) from (a) and (b), respectively, where the distance between the two adjacent peaks is 
0.24 nm. 
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Fig. 2. Energy selected electron images formed by (a) zero-loss and (b) plasmon-loss electrons; (c) and (d) are line scan intensity profiles 
(after averaging for 10 pixels in width) from (a) and (b), respectively, where the distance between the two adjacent peaks is 0.24 nm. 

Fig. 3. Energy selected I-1 1 0] cross-section HRTEM images of AI/Ti(1 1 1) using (a) zero-loss and (b) 15 eV A1 plasmon loss electrons. 
The width of energy selection slit was 3 eV. 

To estimate the optimum image resolution 
achievable with the inelastic electrons, Fig. 2a and 
Fig. 2b show a pair of images recorded using the 
zero-loss and volume plasmon energy-loss elec- 
trons, respectively. The photographic images may 
not give a precise measurement of the image con- 
trast because the contrast is scaled with considera- 
tion of the intensities of all the pixels in the image, 
one dark spot will produce a poor output image 
contrast. Thus, a line scan is made in each image to 

precisely examine the contrast and resolution dif- 
ference, and the results are shown in Fig. 2c and 
Fig. 2d. No difference in contrast and resolution is 
visible, but the absolute intensity of the plasmon 
energy-loss image is much weaker than that of the 
zero-loss image. Thus, the noise level is the major 
effect which determines the quality of the plasmon 
loss image. 

Fig. 3 shows lattice images of a cross-section of 
an A1/Ti (1 1 1) interface recorded when the energy 
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filter was set to the zero-loss and 15 eV A1 plasmon 
peak, respectively. As divided by the interface along 
the diagonal direction in the image, the right-hand 
half is an AI layer, showing strong contrast, while 
the left-hand half shows less contrast, correspond- 
ing to an Ti layer. This contrast difference is due to 
the selection of the A1 plasmon peak for image 
formation. At the region approaching the interface 
from the A1 side, the image contrast experiences 
a graduate decrease in intensity. This is because of 
the localization effect for exciting the A1 plasmon 
loss as a function of the electron impact parameter 
with respect to the interface, more detailed inter- 
pretation was published previously [6]. The visible 
contrast seen at the Ti side is due to the tail of the 
Ti plasmon (at 21 eV) falling into the energy-selec- 
tion window centered at the AI plasmon peak 
located at 15 eV. After the correction of chromatic 
aberration, the contrast is preserved between the 
two images formed by the zero-loss and AI plas- 
mon-loss electrons, and the corresponding points 
are indicated by arrowheads. 

3.2. Width o f  energy window and chromatic 
aberration 

The factors that affect the spatial resolution have 
been investigated theoretically [17] and experi- 
mentally [18, 3], among which the chromatic aber- 
ration and signal-to-noise ratio are considered as 
the major factors. For simplicity, the spherical ab- 
erration is ignored in following analysis for the 
cases with relatively lower image resolution. If the 
width of the energy window is A, the focus spread 
introduced is 

A 
/;  -- Ccw-,  (1) 

Lo 

where Cc is the chromatic aberration coefficient of 
the objective lens and E is the energy of the incident 
beam. It is known that, in conventional HRTEM 
phase-contrast imaging under the weak phase ap- 
proximation, a focus spread introduces an envelope 
function [-19], which limits the transfer of high 
spatial frequencies by the optical system and is 
equivalent to introduce a virtual objective aperture. 
The angular width of the objective aperture in 

reciprocal space is approximately 

1 
uo ~ (~fc).)1:2 , (2) 

The achievable spatial resolution is 

, V A 31/2 
R ~(r tCc2) l :2 |~o]  . (3) 

For Cc = 1 mm and E0 -- 300 keV: R ~ 0.25 nm if 
A = 3 eV, R ~ 0.35 nm if A = 6 eV, corresponding 
to the resolution achieved for the data in Fig. 1; 
R ~ 0 . 4 5 n m  if A =10eV,  and R = 0 . 6 3 n m  if 
A = 20 eV. Therefore, it is possible to resolve crys- 
tal lattices if the width of energy window is less than 
3 eV, in agreement with the observation shown in 
Fig. 1. It must be pointed out, however, that the 
result given by Eq. (3) applies only to low energy- 
loss electrons, which are usually referred as de- 
localized scattering. For a localized scattering pro- 
cess such as the ionization edges, a different 
approach may be needed. 

On the other hand, the signal-to-noise ratio in- 
creases if the width of the energy window is de- 
creased. The increase in data acquisition time can 
also improve the signal-to-noise ratio, but the spec- 
imen drift becomes a problem, particularly at high 
magnification. Moreover, the near edge fine struc- 
ture introduced by solid state effect strongly affects 
the signal intensity, thus, the image may not be 
a precise representation of elemental map because 
the width of the energy integration above the thresh- 
old energy of the ionization edge needs to be larger 
than 20-50 eV depending on edge type to ensure the 
proportionality of the acquired signal to the thick- 
ness-projected element concentration [16], but the 
spatial resolution decreases to 1 nm in this case. 

It must be pointed out that the chromatic aberra- 
tion does not affect the spatial resolution of com- 
positional imaging in scanning transmission 
electron microscopy (STEM) but does affect that in 
TEM, because the condenser lenses in STEM arc 
placed before the electrons interact with the speci- 
men and there is no lens (with appreciable aberra- 
tion) between the specimen and the detector. 
Theoretical calculations have shown that the main 
effect of low energy-loss electrons (with energy- 
losses 5 30 eV) is to introduce a focus shift in the 
lens transfer function due to chromatic aberration 
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[20]. The image contrast of valence-loss electrons is 
the same as that of the elastically scattered elec- 
trons in STEM but not in TEM. Therefore, the 
resolution of energy filtered STEM image is mainly 
determined by the size of the electron probe and the 
signal-to-noise ratio. In TEM, the image resolution 
is also affected by the width of the energy-window 
used to select the inelastic signals, as illustrated 
above. Therefore, caution must be exercised for 
using STEM results/theory [21, 22] for interpreta- 
tion of TEM images. 

3.3. Imaging surface steps using inelastic electrons 
in REM 

In reflection high-energy electron diffraction 
(RHEED), more than 50% of the electrons, in 

general, suffer energy loss due to the long path- 
length interaction between the incident electrons 
and the crystal as well as the crystal surface at 
grazing-angle reflection geometry [23]. The con- 
trast of the reflected electrons is significantly re- 
duced without energy filtering. This experiment 
was performed for the GaAs(1 1 0) surface, as 
described below. 

Fig. 4a and Fig. 4b show reflection electron 
microscopy (REM) images of GaAs(1 1 0) recorded 
without energy filtering and with zero-loss energy 
filtering, respectively. The zero-loss filtered (or elas- 
tically scattered) electron image shows significantly 
better contrast and resolution [26]. This is because 
the inelastically scattered electrons suffer strong 
chromatic aberration and so produce an out-of- 
focus background in the image, which is removed 

r ~  

Fig. 4. REMimagesofGaAs(1  1 0) surface recorded (a) without energy filtering (i.e. the entire electrons), (b) zero-loss energy filtered (i.e., 
elastic electron), (c) 15 eV energy loss filtered and (d) 45 eV energy loss filtered electrons. Primary beam energy was 300 keV, and 
energy-selecting window width 10 eV. 
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by the filter. The fine Fresnel fringes not seen in the 
unfiltered image are resolved in the zero-loss fil- 
tered image. The contrast of the 15 eV energy-loss- 
filtered image (Fig. 4c) shows better contrast in 
comparison to the energy-unfiltered image 
(Fig. 4a), although it is slightly poorer than the 
image recorded using zero-loss filtered electrons. 
The contrast in the image recorded using 45 eV 
energy loss electrons is rather poor owing to mul- 
tiple inelastic scattering. But the atom-high surface 
steps are still visible. Since the contrast of atomic 
steps in REM is dominated by phase-contrast [24], 
this observation clearly shows that almost the same 
contrast will be observed if the image is formed 
using either the elastically or the inelastically scat- 
tered electrons. 

Since REM images are recorded with a small size 
objective aperture, the image resolution is deter- 
mined not only by the beam energy spread and the 
beam convergence [25] but also largely by the 
chromatic aberration as introduced by the energy 
spread of the reflected electrons because of multiple 
inelastic excitation. With the use of an energy filter, 
the chromatic aberration effect can be minimized, 
resulting in an improvement of the image resolu- 
tion in REM. Therefore, an energy filtering devise is 
essential for improving the resolution and contrast 
of REM. 

4. Conclusions 

In this paper, lattice images formed by Bragg 
scattering of inelastically scattered electrons are 
demonstrated. The fringes correspond to the lattice 
image of the crystal responsible for the Bragg scat- 
tering, modulated by an image of the inelastic pro- 
cess. Experimental results showed that the 
resolution in the images recorded using plasmon 
energy-loss electrons is primarily determined by the 
width of the energy selection window. With a 3 eV 
energy slit, the image obtained using the plasmon 
loss electrons gives the same contrast and resolu- 
tion as that formed by the zero-loss electrons. On 
the other hand, the decrease in the width of the 
energy window is restricted by the signal-to-noise 
ratio and the data recording time (or specimen 
drift). 
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