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Abstract.
Energy-filtering transmission electron microscopy was applied to carbon nanotubes in
order to investigate quantitative property of elemental maps obtained by inelastically scattered electrons corresponding to the carbon K-edge. An 1 MeV high-resolution electron microscope (JEOL,
ARM-1000) equipped with a GATAN imaging filter was employed. Because of a cylindrical structure
of nanotubes the number of carbon atoms contributing to the image changes across the tube axis. We
could detect the contrast difference due to 20 carbon atoms in the carbon distribution image of 6 lay2014

tube. Furthermore, we examined the carbon mapping from a conical tip region with progressive
closure of carbon layers, where an intensity profile clearly distinguishes the difference of 6 graphene
sheets. From the consideration of signal-to-noise ratio, the detection limit is concluded to be less than
22 carbon atoms in the present experimental conditions.
ers

1. Introduction

Energy-filtering transmission electron microscopy (EFTEM) [1] provides energy-filtered highresolution image and diffraction pattern, and also elemental map, which promise quantitative
analyses of specimens. In particular the elemental mapping by recording the core-loss signal
makes it possible not only to visualize a two-dimensional distribution of a particular element,
but also to count the number of atom existing in a specific region by analyzing the image intensity quantitatively. Recently Berger et al. [2] have demonstrated the oxygen distribution image
taken from the amorphous grain boundary films in sintered Si3N4 ceramics using EFTEM. They
emphasized that the detection limit is governed by the signal-to-noise ratio of the image, which
depends on the instrumental parameters and specimens. The optimum imaging conditions for
elemental mapping have been investigated theoretically by Berger and Kohl [3, 4]. It has become
of interest in recent years to estimate the detection limit. In order to evaluate the detection limit
experimentally under given imaging conditions, the precise thickness of specimen is needed to
be known and the thickness should be thin enough to avoid multiple scattering effects because it
disturbs the intensity distribution somewhat.
The structure of carbon nanotubes is characterized by the inner and outer diameters and the
number of graphene sheet [5]. The typical size of a tube is the order of nanometers which is thin
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enough to analyze the intensity of the elemental distribution image without any corrections on
multiple scattering. Since the structural parameters of each nanotube can be determined definitely from a high-resolution electron micrograph, the carbon distribution image observed from
a well-defined nanotube is very suitable for examining the quantitative property of the elemental
mapping.
In the present work, we investigate the carbon distribution images observed from a single
nanotube and the conical tip region of a tube. The intensity profile of the image is compared
with the distribution of the number of carbon atoms estimated by a cylindrical structure model of
the nanotube. The image quality is evaluated using the signal-to-noise ratio calculated from the
intensity of the carbon distribution image and the background image, and the detection limit is
discussed.

2.

Experimental

The investigations were performed using the JEOL ARM-1000 (operated at 1 MeV) [6] equipped
with the Gatan imaging filter (GIF) [7-9]. The aberration constants of the objective lens are
Cs = 1.7 mm and Ce = 3.6 mm. The filtered image is recorded by a 1024 x 1024 slow-scan CCD
camera with the element size of 24 x 24 J-Lm2. The performance of the CCD camera for 1 MeV
operation has been recently investigated by Mooney et al. [10]. They reported the performance
similar to that of the fiber-optically coupled camera running at 100 keV
High resolution lattice image and carbon distribution image of self-supported nanotubes were
observed at a magnification of the microscope of 20,000x which corresponds to an effective magnification of 340,000x on the slow-scan CCD camera of the GIF This means that the pixel size
referred back to the objective plane is 0.07 nm which allows us to observe the elastic image of the
(002) lattice planes (d = 0.34 nm) of graphite. This magnification is, therefore, enough to characterize the structure of each nanotube by imaging graphene layers. In the carbon distribution
images, however, the intensities of 4 x 4 pixels were integrated into one effective pixel (binning
mode) because of the small inelastic scattering cross-section of the carbon K-edge compared to
that of elastic scattering, so that the effective pixel size became 0.28 nm. The inelastic scattering
images were observed with an electron dosage of 1.25 x 107 electron/nm2. Under such strong irradiation some kinds of lattice distortion might occur, but it was not so serious because the shape
transformations in nanotubes recently reported by Ajayan et al. [11] was not observed. The collection semi-angle 0 restricted by the size of the objective aperture and the width of an energy
selecting slit bE of GIF were set to be 10 mrad and 30 eV, respectively. Under these conditions
the chromatic broadening [12] due to the aberration of the objective lens is almost the same as
the size of a binned pixel. The carbon distribution images were obtained by subtracting the background image from the post carbon K-edge image using the three windows technique [13]: two
pre-edge images were taken at 239 ± 15 and 269 ± 15 eV for the background subtraction procedure. The post-carbon K-edge image was observed at 304 ± 15 eV The exposure time of each
inelastic image was 10 s.
3. Results and Discussion

Typical elastic and carbon distribution images of a single nanotube observed at low magnification
are shown in Figures la and 1b, respectively. In the carbon image we can observe a weak contrast
at the central part and the tip region of the tube. For detail analysis we observed each part at high
magnification. A high-resolution lattice image and the corresponding carbon distribution image
of a nanotube are shown in Figures 2a and 2b. The intensity profiles across the tube axis of these
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images are shown in Figure 3. The high-resolution lattice image and its intensity profile indicate
clearly the 6 layers cylindrical structure as the lattice fringes due to the (002) planes at both sides
of the tube. The outer and inner diameters were measured to be 6.5 nm and 3.15 nm, respectively.
Although the carbon image is a little noisy compared to one observed at low magnification, the line
profile across a tube axis indicates clearly that the intensity change is proportional to the number
of carbon atoms. The intensity of the carbon profile increases from the vacuum to the inside of the
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Intensity profiles across the tube axis of the lattice image and the carbon distribution image of

Figure 2.

tube, which indicates the increase of the number of carbon atoms. And the decrease in the middle
suggests the hollow structure of the tube. The similar variation of intensity of the carbon K-edge
of the nanotube filled with manganese was reported by Ajayan et al. [14] using the coupling of
the parallel EELS and a scanning TEM, where they distinguished clearly the distribution of both
elements (C and Mn). Here we relate quantitatively such a characteristic carbon profile to the
atomic distribution determined by the following procedure.
In order to calculate the intensity of carbon image, Ii, at a binned pixel i of the detector, we
start from the following equation,

Here D (e-/nm2) is the electron dosage irradiated on the specimen, 03C3(03B2, 8E) is the partial inelastic scattering cross-section of the carbon K-edge with the collection angle /3 of 10 mrad and
the energy window bE of 30 eV In the inelastic scattering of 1 MeV electrons, relativistic effects
become significant. Following the relativistic Bethe theory [13, 15], the energy differential crosssection can be represented by

where ao is the Bohr radius, R
13.6 eV is the Rydberg energy, v and c are the velocity of the
and
incident electron
(1 - v2/c2)-1/2 is the relativistic factor, E is the loss-energy,
light, 1
T = mov2/2 is the relativistic energy, OE = E/203B3T is the characteristic scattering angle. The last
two terms in the Equation (2) arise from the relativistic retardation effect. Neglecting these terms
gives the nonrelativistic cross-section which can be calculated using the SIGMAK2 software [13].
The contribution from the retardation effect is always positive and estimated to be about 17%, so
that the nonrelativistic cross-section multiplied by the scale factor of 1.17 is used in the present
analysis. The q in Equation (1) is the conversion efficiency of the detection system of the GIF,
which was measured to be 0.3. Ni in Equation (1) is the number of carbon atom projected to the
=

=
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Fig. 4.

Cross-section model of the 6 layers nanotube to estimate the number of carbon atoms contributthe
carbon
distribution image. The effective pixel size is 0.28 nm due to the binning.
ing
-

binned pixel i of the detector, which is estimated using the structure model of Figure 4, in which
the cross section of the nanotube across the tube axis consists of six concentric graphene circles.
The Ni can be represented by the Equation,

Here ti is the sum of length of graphene arcs cut by the size of each binned pixel, A the pixel size

(= 0.28 nm)
layer.

and p the

in-plane

carbon

density (=

38

atoms/nm2) estimated from one graphite

The experimental and theoretical intensity profiles are compared in Figure 5. The agreement
of both profiles is quite satisfactory except for a little broadening of the experimental profile.
This agreement means that the elemental distribution image is highly quantitative as long as thin
specimens are examined. The slight broadening of the carbon profile is probably attributed to
the delocalization effect [16, 17] of the inelastic scattering event and the chromatic broadening
[12] due to the objective lens. The intensity maxima and minimum at the central region of the
nanotube correspond to 55 and 35 carbon atoms per binned pixel, respectively. Therefore, we
conclude that the difference of 20 carbon atoms can be discriminated at nanometer scale with a
good signal-to-noise ratio. At the periphery of the tube the intensity of about 15 counts on CCD
corresponds to 22 carbon atoms per pixel, which is the smallest number of atom detected by the

present experiment.
Next example of carbon distribution image is the observation of the conical tip region of nanotube as shown in Figure 6. The lattice image (Fig. 6a) shows that the tip is made by progressive
multilayers of curved graphene sheets. In this case the numbers of multilayers are 5, 8 and 14
layers from the tip to the inside of the tube. Since the tip has a conical symmetry about the cone
axis, the number of carbon atoms projected on one pixel of the detector is expected to be constant
in the respective multilayer region. Such distribution of the carbon atoms can be visualized by the
elemental mapping. The carbon distribution image taken from the same region (Fig. 6b) shows
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Comparison between the experimental intensity profile and the calculated one.

the stepwise intensity change from the tip to the inside of the tube as expected from the increase of
graphene layers. The line profile of the image along the cone axis is shown in Figure 6c. The step
like change in the intensity profile indicates the progressive increase of graphene multilayers. The
differences of the step height correspond to 6 and 12 graphene layers, respectively, because the
electron beam travels through the upper and lower multilayers of the nanotube. Such differences
of the graphene layers are equivalent to 18 and 36 carbon atoms per binned pixel, respectively.
These numbers of atoms can be calculated as follows: because the tip has a vertical angle of 20
degree, which means the multilayers inclined about 10 degree from the array of CCD elements,
the number of carbon atoms in the n layers projected to one binned pixel is given

Using this Equation, the number of carbon atoms in one binned pixel corresponding to the difference of 6 graphene layers is calculated by N(8) - N(5)(= 6 x 0.28Z x 38/ cos 10°
18). In
we
can detect the difference of about 18 carbon atoms.
this example, therefore,
Finally, we discuss the statistical properties of the carbon distribution image of Figure lb by
means of the signal-to-noise ratio (SNR). The SNR is deduced from the observed images using
the following Equation [2, 13],
=

Here Ii and Ib are the number of electrons contributing to the intensity at the binned pixel i of
the carbon distribution image and the background image, respectively. The background image
is extrapolated using the three windows technique assuming the power-law energy dependence
of background intensity. h is the parameter to specify the quality of the background subtraction
procedure and depends on the positions of the three windows to take the pre- and post-carbon
K-edge images [4]. In the present experiment h was 7. The detection quantum efficiency of the
detector system, DQE, was assumed to be 0.7. In general cases, the noise component coming
from the background extrapolation procedure determines the SNR dominantly. In the present
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a) High-resolution lattice image of the conical tip region of nanotube and b) corresponding carc) Stepwise intensity profile of the carbon distribution image along the cone axis of

bon distribution image.
the nanotube tip.

case, however, the background intensity arising from the tail of valence electron excitations is
small compared to the signal one (If « Isi), because the nanotubes are supported by themselves
on a hole and composed of a small number of carbon atoms. Accordingly the SNR of the carbon
distribution image of Figure 2b was proportional approximately to the square root of the signal

intensity.
Figure 7 shows the SNR calculated for each binned pixel across the tube axis of the carbon image
shown in Figure 2b. In the nanotube region the values of SNR are 5 to 9. If the value of SNR
is equal to 3, the intensity of an elemental map corresponds to the minimum detectable number
of atoms [13]. Since the observed SNR is larger than 3, it is sure that the carbon distribution
image of Figure 2b is well discerned from the noise level. As mentioned in the intensity profiles
of Figure 5, the minimum number of atoms detected in the carbon distribution image is 22 atoms
per one binned pixel (0.28 x 0.28 nm2). Consequently, the minimum detectable number of atoms
per binned pixel should be less than 22 atoms under the present experimental conditions because
the observed values of SNR are larger than the critical value of 3 that defines the detection limit.
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Line trace of signal-to-noise ratio

(SNR) of the carbon distribution image of Figure 2b.

4. Conclusion

From the application of energy-filtering electron microscopy to the carbon nanotube the quantitative elemental imaging has been demonstrated, which is proposed for the useful method te
determined the detection limit in imaging. The experimental intensity profile of the carbon image was in good agreement with the distribution of carbon atoms theoretically calculated from the
structure of the nanotube. The difference of about 20 carbon atoms was clearly observed in the
intensity profile at nanometer scale. From the SNR analysis of the carbon distribution image the
detection limit was estimated to be less than 22 carbon atoms in one binned pixel (0.28 x 0.28 nm2)
under the present experimental conditions. For the ultimate single atom analysis [18] it should be
necessary to irradiate with a much stronger electron beam than the present experiment. However,
the nanotubes suffer structural distortion from intense electron irradiation, so that the detection
limit actually evaluated is restricted by the stability of specimen to electron beam.
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