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We demonstrate that a transmission electron microscope fitted with two spherical-aberration correctors

can be operated as an energy-filtered scanning confocal electron microscope. A method for establishing

this mode is described and initial results showing 3D chemical mapping with nanoscale sensitivity to

height and thickness changes in a carbon film are presented. Importantly, uncorrected chromatic

aberration does not limit the depth resolution of this technique and moreover performs an energy-filtering

role, which is explained in terms of a combined depth and energy-loss response function.
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Confocal scanning optical microscopy is an established
technique in light optics [1]. It makes use of the small
depth of focus of high numerical-aperture (NA) lenses to
‘‘section’’ a sample allowing depth discrimination and
acquisition of three-dimensional (3D) information. In a
conventional microscope, the scattering from regions of
the sample away from the focal plane still contributes to
the image as an out-of-focus blur. In the confocal configu-
ration, however, both the incident and scattered light are
passed through high NA optics that are focused at the same
plane. An aperture is arranged optically conjugate to the
selected plane and only scattering from this plane is fo-
cused at this aperture [Fig. 1(a)]. The out-of-focus blurring
is removed and the depth resolution and discrimination are
improved. An electron analogue to confocal scanning op-
tical microscopy offers the potential for significant im-
provement in 3D resolution. In the first attempt at an
electron analogue, the scanning confocal electron micro-
scope (SCEM), Frigo et al. [2] have shown improved
image contrast in very thick specimens. However, their
depth of field was severely limited by the restricted NA
due to inherent spherical aberration in round electromag-
netic lenses [3].

Spherical-aberration correctors for both transmission
electron microscopy (TEM) [4] and scanning TEM
(STEM) [5] have dramatically improved the lateral reso-
lution of 2D images [6]. Corrected optics also reduce the
depth of field to a few nanometers, allowing measurement
of the height of single heavy atoms in a light support matrix
[7] using STEM in a high angle annular dark field imaging
mode. However, recent work [8] has shown that the depth
resolution in this imaging mode rapidly deteriorates for
laterally extended objects because of a ‘‘missing cone’’ in
the three-dimensional optical transfer function (OTF) [9].
In contrast, the incoherent confocal mode does not suffer
from a missing cone in the OTF [1,10] leading to improved

depth discrimination for laterally extended objects while
retaining maximum depth resolution.
The simplest confocal mode detecting elastically scat-

tered electrons is referred to as bright-field (BF) SCEM.
Nellist et al. [11] have demonstrated BFSCEM confocal
trajectories in a TEM-STEM instrument fitted with two
spherical-aberration correctors [Fig. 1(a)]. Adding an en-
ergy filter to detect electrons that have been inelastically
scattered with a specific energy loss in the sample leads to
energy-filtered SCEM (EFSCEM). Cosgriff et al. [12] have
shown that the overall image contrast of BFSCEM is
inherently weak and difficult to interpret. This problem
does not occur with the EFSCEM mode because the scat-
tering is largely incoherent, and moreover, this optical
geometry gives atomic species selectivity that in principle
allows 3D elemental mapping on a nanometer scale [13].
A significant difficulty in the implementation of

EFSCEM arises from the residual uncorrected chromatic

FIG. 1 (color online). Schematic diagrams of confocal trajec-
tories (a) BFSCEM (solid lines). Because of Cc the postspeci-
men optics focuses beams (dashed lines) with an energy loss
�Eloss at point b; (b) EFSCEM. An increment, k�Eloss applied to
the accelerating voltage E0 reestablishes a new confocal point c
for beams (dashed lines) with an energy loss, �Eloss.
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aberration (referred to here by its mathematical coefficient
Cc) in electron lenses. Direct Cc correction is technologi-
cally challenging and expensive[14]. Chromatic aberra-
tion, changes the focal length of a lens by
�z ¼ �ElossCc=E0 for inelastic electrons with an energy
loss of �Eloss relative to the elastically scattered electrons.
Furthermore, typical EFTEM images are recorded with
energy losses that range over a window of several eV to
ensure sufficient signal [15] and for typical values of Cc ¼
1:5 mm, �Ewindow ¼ 10 eV, and E0 ¼ 200 keV, the re-
sulting focal spread is 75 nm; much greater than the
3.5 nm depth of focus predicted in Ref. [11] for an
EFSCEM experiment.

A method for the electron optical alignment for the
BFSCEM mode has been described previously [11]. For
EFSCEM, electrons with a desired energy loss are focussed
prematurely by the postspecimen optics because of Cc

[Fig. 1(a)]. In principle, the postspecimen optics could be
adjusted to compensate for this effect. However, in prac-
tice, this would require a change in focal length of the
postspecimen optics of several microns, resulting in an
unacceptable optical misalignment. Furthermore, accurate
adjustment of magnetic lenses at the level required would
be hindered by a lack of reproducibility due to magnetic
hysteresis. An alternative approach is to adjust the energy
of the incident electrons by simply adjusting the accelerat-
ing voltage. It is accurate and reproducible, and appears to
result in a smaller degree of optical misalignment.

Having established confocal trajectories at the primary
beam energy, the confocal condition for inelastic electrons
with an energy loss, �Eloss, can be regained by increasing
the incident electron energy, E0, by k�Eloss [Fig. 1(b)]
where

k ¼ Cc2=ðCc1 þ Cc2Þ (1)

and where, Cc1 and Cc2 are the Cc coefficients of the pre
and postspecimen optics, respectively. The focal length of
the prespecimen optics is therefore increased, and com-
pensates for the shorter focal length of the postspecimen
optics for the energy-loss electrons (see, supplementary
material [16] for a derivation of k).

To compare the z response of EFSCEM and conven-
tional energy-filtered STEM (EFSTEM) for an extended
object, we have used a thin amorphous carbon film (see,
supplementary material [16] for the experimental condi-
tions), for which independent measurement gave a sample
thickness in the range 25� 5 nm. Figure 2 shows 1D scans
in the z direction. The EFSTEM data was recorded with a
20 eV energy selecting window (ESW), centered at an
energy loss of 290 eV in order to record the carbon K
edge. As predicted from the missing cone in the OTF, the
EFSTEM data shows no depth dependence for a laterally
extended object. The microscope was then adjusted to the
EFSCEM mode for the same energy loss using the method
outlined above, and a z scan repeated for a range of ESW

widths, as shown in Fig. 2. The EFSCEM data shows a
clear depth dependence.
Remarkably, Fig. 2 shows that increasing the size of the

ESW has minimal effect on the FWHM of the depth
dependent signal. The focal spread of the postspecimen
optics due to Cc is �300 nm for a 40 eV ESW but the
observed depth resolution even without an ESW is better
than this. The EFSCEM experiment is therefore not sensi-
tive to the size of ESW and a corollary to this is that no
energy filter is required for EFSCEM experiments.
In a second set of EFSCEM experiments, a purpose

designed piezo-driven stage-scanning system [17] was
used to acquire 2D lateral (x-y) scans, or alternatively to
slice in depth by scanning along one lateral direction and
the depth direction to form an (x-z) scan. For these initial
experiments, the specimen used was a perforated carbon
film decorated with Au nanoparticles and the microscope
was adjusted to the confocal mode for the carbon K-edge
scattering. Figures 3(a) and 3(d) compare EFSCEM lateral
x-y scans acquired with the sample positioned at the con-
focal height with and without a collector aperture present.
In the absence of a collector aperture, all the scattered
intensity collected by the postspecimen lens contributes
to the image. This configuration is therefore identical to
performing conventional EFSTEM and is not confocal.
Similarly, Figs. 3(b) and 3(e) compare scans in the x-z
plane at positions corresponding to y ¼ 0 nm in Figs. 3(a)
and 3(d), respectively. No image contrast from the Au
nanoparticles was observed as we specifically collected
inelastic scattering characteristic of carbon. The depth
line profiles along the solid and dashed lines lines L1 and
L2 in Figs. 3(b) and 3(e) are shown in Figs. 3(c) and 3(f),
respectively.
The FWHMs of the intensity profiles L1 and L2 col-

lected in EFSTEMmodes [Fig. 3(c)] are elongated to more
than 1 �m. In the EFSCEM mode, rejection of scattering
away from the confocal plane occurs and the data shows a

FIG. 2 (color online). 1D EFSCEM optical sectioning of a
carbon film along the sample thickness direction using energy
selecting windows. EFSTEM optical sectioning is shown for
comparison. Inserts show probe images recorded with (a) the
sample at the confocal point and (b) 180 nm above it. The red
circle in (a) indicates the location of the virtual collector aper-
ture.
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FWHM in the depth direction of 84� 21 and 42� 21 nm
at points 1 and 2, respectively, [Fig. 3(f)]. An independent
measurement of the thickness of the sample at points 1 and
2 in Fig. 3(a) gave values of 65� 7 nm and 32� 3 nm,
respectively, (see supplementary material [16]). The
slightly larger thickness values measured by EFSCEM
are expected because the depth resolution under the con-
ditions used is about 15 nm, broadening the image in the
depth direction. Direct imaging of the change in thickness
and height of the carbon film between points 1 and 2 is
demonstrated by this data.

To quantitatively examine the effective depth and energy
resolution in EFSCEM, and to explain why the depth
resolution is retained in the presence of Cc, we have
calculated the plane-spread function or z response, which
describes the depth resolution of a laterally extended ob-
ject. For an infinitely thin and completely incoherent scat-
tering plane, the z response (ignoring Cc) can be written as

ZSCEMðzÞ ¼
Z

jP1ðR; zÞj2jP2ð�R;�zÞj2dR (2)

where P1ðR; zÞ and P2ðR; zÞ are the 3D wave functions (of
lateral position vector, R, and depth coordinate z) that
describe imaging of an infinitesimal point through either
the pre- or postspecimen optics (see, Ref. [13] for a full
description). In the presence of Cc, the EFSCEM z re-
sponse can be written as

ZSCEMðz; "Þ ¼
Z

jP1ðR; zÞj2

�
��������P2

�
�R;�

�
zþ "

E0

Cc2

����������
2

dR (3)

where a parameter, ", is included that gives the deviation in
the energy of scattered electrons from a specific energy
loss �Eloss. This deviation causes the focal point of the
postspecimen optics P2 to shift away from the focal point
of the prespecimen optics P1 by a distance of "Cc2=E0.
Figure 4 shows the theoretical EFSCEM z response as a

function of sample height, z, and energy deviation, ", for
the experimental conditions described in the supplemen-
tary material [16]. Infinitesimal electron source and col-
lector aperture sizes are assumed. To further examine the
depth and energy response, the plot shown in Fig. 4 has
been projected to form both a z response integrated over all
possible electron losses, and an energy-filtering response
integrated over all possible heights of a scattering plane.
This provides an estimate for the FWHM of the z response
at 15.7 nm, and for the energy response at 2.3 eV. Thus only
electrons with an energy loss close to �Eloss for which the
confocal trajectory was aligned contribute to the image,
which infers that the depth resolution is not significantly
degraded by Cc. Because of the Cc of the postspecimen
lens, electrons at other energy losses will be focused at the
image plane collector aperture only if they arise from
scattering above or below the nominal confocal point.
However, such points are not strongly illuminated by the
focused beam formed by the prespecimen optics, and the
signal from these points is therefore suppressed. We there-
fore conclude that the Cc of the postsample lens provides
energy selectivity in addition to the observed depth
selectivity.
In conclusion, we have described a method for establish-

ing optical trajectories required for EFSCEM. We have
also presented the first data measuring the z response in

FIG. 3 (color online). EFSCEM x-y scans acquired from a carbon film positioned at the confocal point (a) without a collector
aperture and (d) with a collector aperture corresponding to a diameter of 0.32 nm. (b) and (e) EFSCEM x-z scans along y ¼ 0 nm in (a)
and (d), respectively. (c) and (f) line profiles along the lines L1 and L2 shown in (b) and (e).
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this mode and have demonstrated that it is not limited by
Cc. Moreover, we have shown that residual Cc provides an
energy selection effect in EFSCEM and determines the
energy resolution. Therefore an energy filter or Cc correc-
tor is not necessary for this imaging mode, greatly expand-
ing its applicability. We have performed EFSCEM optical
sectioning experiments using a laterally extended object
sample, which shows that the depth resolution is greatly
improved over the conventional STEM geometry.

Although the depth resolution demonstrated here is not
yet comparable to that obtained using electron tomography
[18], the current data acquisition process is much faster and
minimal data processing is required to retrieve the 3D
information. In general, electron tomography also suffers
from a missing wedge in the transfer function, unlike the
confocal approach, which reduces the z response for later-
ally extended objects unless a specially prepared needle
sample that allows a full 180� rotation is used. Although
x-ray tomography has been used to reconstruct relatively
large 3D structures [19], the wavelength of x-rays, and the
relatively poor quality of x-ray lenses, leads to a limiting
resolution of 30 nm in practice. The position sensitive atom
probe [20] allows single atom counting of a 3D structure.
However, samples need to be fabricated into sharp needles,
and because this technique counts individual atoms, the
analyzed volume is limited to about 106 nm3 (100 nm in
diameter by 100 nm in depth) with a data collection time of
several hours [21].

Our methodology assumes that only defocus varies as a
function of energy loss, and that other aberrations are
unchanged. In practice this may be an approximation that

leads to a reduction in the achievable depth and energy
resolution. We further note that the experimental depth
resolutions achieved in this work differ between for the
1D and 2D scans. The 1D scans reported here were re-
corded using an older and slower piezo drive, and drift in
the aberrations or sample may have affected the
measurements.
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FIG. 4 (color online). 2D plot of the EFSCEM z response as a
function of sample height, z, and energy deviation " of electrons
scattered by the sample. Overlaid curves (-�-) and (-h-) show
projections formed by projecting the z response along the energy
deviation and z directions, respectively.
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