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Abstract

Recent and ongoing improvements in aberration correction have opened up the possibility of depth sectioning samples using the

scanning transmission electron microscope in a fashion similar to the confocal scanning optical microscope. We explore questions of

principle relating to image interpretability in the depth sectioning of samples using electron energy loss spectroscopy. We show that

provided electron microscope probes are sufficiently fine and detector collection semi-angles are sufficiently large we can expect to locate

dopant atoms inside a crystal. Furthermore, unlike high angle annular dark field imaging, electron energy loss spectroscopy can resolve

dopants of smaller atomic mass than the supporting crystalline matrix.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The ability to routinely obtain atomic resolution images
of crystalline samples with the scanning transmission
electron microscope (STEM) has opened up new avenues
for materials research [1]. The properties of many
materials, including semiconductors, catalysts and cera-
mics, have been observed to change with the addition of
dopant atoms within the bulk [2–4]. The knowledge of
impurity atom location will enable some material proper-
ties like electron mobility and catalyst stability to be
estimated. Atomic resolution STEM imaging is beginning
to offer the tantalising possibility to depth section samples
and so extract 3D atomic locations [5–7].

The confocal scanning optical microscope (CSOM) is
routinely used for 3D imaging at a resolution limit
approximately equivalent to the wavelength of the optical
photon used i.e. a few hundred nanometers. A CSOM
constructs a 3D image by raster scanning a focussed light
e front matter r 2007 Elsevier B.V. All rights reserved.
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beam throughout the sample. To enable optical slicing
or sectioning of the sample the CSOM produces images
with a narrow depth of focus. The depth of focus
observed in the image is determined by the size of a
pinhole aperture placed just prior to the detector
and the axial resolving power of the objective lens.
Einspahr and Voyles [8] have reported optimum operating
conditions for a confocal STEM, an electron microscope
adaption of the CSOM. The confocal STEM differs from
the conventional STEM with the addition of a post
specimen collector lens. The inclusion of the lens creates
a real-space image of the focussed probe at the detector.
Two-dimensional confocal STEM imaging has been
demonstrated by Frigo et al. [9] but not at atomic
resolution. Here we explore whether with a conventional
STEM one can attain lateral atomic resolution and
nanometer depth resolution.
The development of aberration-correcting electron op-

tics has increased the angular range of incident electrons
that can be used to form a diffraction-limited probe,
facilitating an increase in probe-defining aperture size and
resulting in sub-Ångstrom probes [10,11]. Smaller probe
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size has increased the transverse resolution of the STEM
while simultaneously producing a reduced depth of focus.
Whilst the CSOM and conventional STEM detectors
influence the image differently, it is proposed that STEM
depth sectioning has similar experimental probe constraints
to the CSOM; STEM depth sectioning demands the
electron probe has a narrow depth of focus. The STEM
probe and detector sizes ultimately determine the feasibility
of 3D structure determination. The scheme proposed for
depth sectioning is illustrated in Fig. 1. The narrow depth
of focus in Fig. 1 corresponds to there being a significant
proportion of the electron intensity located at the focal
position.

In high angle annular dark field (HAADF) imaging, the
contrast scales with the target’s atomic mass approximately
as Z2. Supposing that the surrounding crystal is composed
of atoms that are considerably lighter in mass than the
dopant species, dopant detection should be possible.
Voyles and co-workers [12,13] used probe channelling in
HAADF simulations to show that it may be possible to
resolve the depth of substitutional dopant (Bi and Sb)
atoms, but this depends upon the surrounding bulk.
Borisevich et al. [14] also presented simulations illustrating
the identification of individual Bi atoms at differing
depths within a Si crystal. Experimental results supporting
the depth sectioning concept have been presented by
several authors. Wang et al. [5] used defocus tuning to
detect La atoms on the surface of doped g-Al2O3 flakes,
determining sample thickness with nanometer precision.
Van Benthem et al. [7] reported the axial location of Hf
atoms inside SiO2 to nanometer precision. Borisevich et al.
[6] constructed a 3D rendering of a (Pt,Au)/TiO2 sample
showing the distribution of metal nanoparticles from a
through depth series of images. In all cases the dopant
Fig. 1. The STEM depth sectioning scheme. Varying defocus Df , in

addition to the usual lateral scanning, enables the probe to be raster

scanned throughout the sample in three dimensions (x; y; z).
species were considerably heavier than the surrounding
crystal species.
The relative mass differences between crystal and dopant

species is an important condition of HAADF depth
sectioning, but spectroscopic identification of dopant
atoms is not subject to this condition. Electron energy loss
spectroscopy (EELS) allows the identification of atomic
species [15], replacing the HAADF dependence upon the
target’s atomic weight with that of the specific energy loss
of a particular inner-shell ionization event. Scanning the
probe through the sample enables the construction of a
spectroscopic map of the sample. The feasibility of using
EELS signals for depth sectioning will be discussed. The
conclusions drawn illustrate that theoretical modelling of
EELS is essential for experimental planning and inter-
pretation.
Fig. 2. Free space intensity profiles for a diffraction-limited 200keV probe

with probe forming apertures (a) a ¼ 17mrad and (b) a ¼ 37:5mrad.
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2. The electron probe

A diffraction-limited electron probe may be described in
free space as

cðR; r?; zÞ ¼
Z

OðqÞ exp½�iplq2ðDf þ zÞ�

� exp½2piq � ðr? � RÞ�dq, ð1Þ

where q is the transverse electron momentum of magnitude q,
Df is defocus (overfocus positive), l denoting the relativis-
tically corrected electron wavelength, r? is a general position
vector and R is the probe displacement, all parallel to the xy

plane. The aperture pupil function OðqÞ is a circular top hat
function whose radius qmax limits the maximum transverse
momentum contained within the probe. As the probe
intensity distribution is axially symmetric, a cross section of
the distribution suffices to describe the full 3D electron
density profile. Fig. 2 illustrates how the electron intensity
distribution changes as one increases the maximum allowed
transverse momentum qmax. The electron intensity in Fig. 2 is
well localized on axis. The intensity distribution along the
axis describes what we will refer to as the depth of focus and
in both cases is fairly broad. As the probe forming aperture
increases, going from Fig. 2(a) to Fig. 2(b), note how the
depth of focus decreases. Evaluating the probe function in
Eq. (1), for zero STEM probe displacement (R ¼ 0) and zero
defocus (Df ¼ 0 Å), gives [16]

cðr?; zÞ ¼ 2p
Z qmax

0

q expð�pilq2zÞJ0ð2pqr?Þdq. (2)

Evaluating the intensity profiles in the transverse and axial
directions:

Iðr?Þ ¼ jcðr?; z ¼ 0Þj2 ¼
qmaxJ1ð2pqmaxr?Þ

r?

� �2
,

Fig. 3. HAADF reference image of a h1 0 0i zone axis AlxGa1�xAs crystal 1

detector spans 60–160mrad. The 200 keV probe had (a) Df ¼ 0 Å and (b) D
ðx; y; zÞ ¼ ð0; 0; 62Þ Å indicated by the white arrows.
IðzÞ ¼ jcðr? ¼ 0; zÞj2 ¼ pq2
max sinc

plq2
maxz

2

� �� �2
. (3)

It readily follows that the full width at half maximum
(FWHM) values of the probe transverse spot size and depth
of focus are:

rFWHM ¼
0:5145

qmax

�
0:5145l

a
,

zFWHM ¼
1:772

lq2
max

�
1:772l
a2

. (4)

The implication of Eq. (4) for the free space probe is that the
depth of focus (zFWHM) decreases more rapidly than the
transverse spot size (rFWHM) for larger probe forming
aperture semi-angles a. From Eq. (4) it is noted that
currently available probe forming apertures can produce
probes which have sub-Ångstrom transverse spot size [17]
and depth of focus approaching 30 Å. In most materials the
vertical unit cell sizes are typically of the order 5 Å and
having a depth of focus of 30 Å may make ultra high
resolution depth sectioning impossible. It must be appre-
ciated, however, that reliable qualitative depth interpretation
is not entirely dependent upon probe depth resolution. There
is a clear distinction between the precision to which one can
determine dopant depth and the depth resolution of a probe.
Accurate theoretical simulations of experimental images can
enable precise structure determination from probes having
relatively poor depth resolution [7].

3. Calculation of the inelastic cross section

The depth sectioning approach depicted in Fig. 1
requires the image signal to be dominated by the
contribution from the 3D position of the beam waist. This
scenario is described by the conventional local potential
20 Å thick with a probe forming aperture of a ¼ 37:5mrad. The annular

f ¼ �60 Å. The substitutional Al dopant is located on a Ga column at
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imaging model, thus assuming an electron of mass m

incident onto a crystal surface of area A in the xy plane
allows the cross section to be calculated as [18,19]:

sðRÞ ¼
4p
hv

Z t

0

Z
A

jcðR; r?; zÞj2V inelðr?; zÞdr? dz. (5)

Here the local inelastic potential is V inel, h is Planck’s
constant, v ¼ hk0=m is the incident electron velocity, l0 ¼
1=k0 is the relativistic electron wavelength and t is the
Fig. 4. Proportion of the electron probe intensity as a function of radial distanc

space (non-interacting) scenario is shown with probe forming apertures (a) a ¼
crystal oriented along h1 0 0i is shown with probe forming apertures (c) a ¼ 25

oriented along h1 0 0i when the probe is placed above the Ga column is presen
crystal thickness. Eq. (5) is adequate for simulating
HAADF images and using a projected potential
approximation allows V inel to be modified for successive
slices to fit within a multislice framework. This frame-
work facilitates discussion about the contributions
to images from particular slices, specifically those con-
tributions from slices containing impurities as we can
modify the slice potential to accommodate the impurity.
The effective local crystal scattering potential seen by
e from the column for a 200 keV probe with defocus Df ¼ �60 Å. The free

25mrad and (b) a ¼ 37:5mrad. Situating the probe above a Si column in Si

mrad and (d) a ¼ 37:5mrad. Finally, the probe intensity in a GaAs crystal

ted with probe forming apertures (e) a ¼ 25mrad and (f) a ¼ 37:5mrad.
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the probe is [21]

V inelðr?Þ ¼
pm

h2t

X
na0

1

kn

X
a

jHa;n0ðr?Þj
2, (6)

where Ha;n0 is the projected transition matrix element of
the interaction Hamiltonian going from state 0 to state n

for atom a in the sample and kn is the magnitude of the
scattered electron wave vector.

It would be convenient but not necessarily realistic to
describe the inelastic processes in which electrons get
scattered to the detector as being local. However, spectro-
scopic techniques may require a full nonlocal treatment
[20], Eq. (5) being an inadequate description for the
spectroscopic image. In the nonlocal model the scattering
cross section is given by

sðRÞ ¼
2p
hv

Z t

0

Z
A

Z
A

c�ðR; r?; zÞW inelðr?; r
0
?Þ

� cðR; r0?; zÞdr? dr
0
? dz, ð7Þ
Fig. 5. Sb M-shell EELS probe line scan simulations along h0 0 1i. The Sb atom

along the h1 0 0i zone axis. The consequence of increasing EELS detector collec

shown. The 200keV probe had a a ¼ 25mrad probe forming aperture.
where, making the flat Ewald sphere approximation, the
effective projected nonlocal potential is [21]

W inelðr?; r
0
?Þ �

2pm

h2t

X
na0

X
a

1

kn

H�a;n0ðr?ÞHa;n0ðr
0
?Þ

�

Z
exp½2piK0? � ðr? � r0?Þ�dK

0
?, ð8Þ

with K 0 denoting the magnitude of the scattered electron
wave vector. Fourier expanding Eq. (8), the resulting
Fourier coefficients may be identified as the inelastic
scattering coefficients:

W inelðr?; r
0
?Þ ¼

hv

2pA

X
g;h

mh;ge
2pih�r?e�2pig�r

0
? , (9)

with general Fourier transform space vectors g and h as
defined by the supercell used in computation. The potential
is deemed nonlocal due to the dependence on two
independent spatial variables.
is embedded 65 Å deep on a Si column at x ¼ 0 Å in a Si crystal oriented

tion semi-angles, (a) b ¼ 10mrad, (b) b ¼ 30mrad and (c) b ¼ 50mrad, is



ARTICLE IN PRESS

Fig. 6. Sb M-shell EELS probe line scans for Sb in Si h1 0 0i crystal.

Extracts from Fig. 5 with Df ¼ �70 Å using (a) b ¼ 10mrad and (b)

b ¼ 50mrad electron collection semi-angles.
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For thermal scattering in the Einstein model the inelastic
scattering coefficients mh;g are [22]

mh;g ¼
1

V c

X
n

exp½2piðg� hÞ � sn�

Z
f nðQþ gÞf �nðQþ hÞ

�fexp½Mnðg� hÞ� � exp½MnðQþ gÞ

�MnðQþ hÞ�g dOK 0 , ð10Þ

where hQ ¼ hðK� K0Þ is the momentum transfer from the
incident electron to the crystal. MnðqÞ ¼ 2p2hu2

niq
2 is the

Debye–Waller factor, where the projected mean square
thermal vibration amplitude hu2

ni describes the smearing of
the potential due to the thermal motion of atoms. The sum
occurs over all atoms of scattering factor f n located at the
position sn in a unit cell of volume V c. The HAADF image
will contain contributions from all regions where the
electron intensity is non-zero. The HAADF integration
through t in Eq. (5) limits the thickness of the sample one
can use for depth sectioning. The thickness integration
implies that the contribution of one impurity will be
insignificant compared with the column total for suffi-
ciently thick samples: any extra contribution from the
impurity is masked by the column total. Supposing the
sample is sufficiently thin, the effective scattering potential
of the impurity atom will only generate significant
contributions over those of the column if the atomic mass
of the impurity is significantly larger than the column
species.

However, provided the spectral characteristics of the
impurity atom do not overlap with those of the supporting
structure, spectroscopic techniques such as EELS can
produce signals deriving from the impurity alone, un-
masked by the supporting structure. The EELS inelastic
scattering coefficients are [23]

mh;g ¼
1

2pKV c

X
n

exp½�Mbn
ðg� hÞ�

� exp½2pðg� hÞ � sbn
�f ðh; gÞ. ð11Þ

The sum in Eq. (11) is now restricted to specific atomic
species b at position sbn

within the unit cell. The
Debye–Waller factor accounts for the thermal motion of
the atoms. The scattering factor f ðh; gÞ is given by

f ðh; gÞ ¼
1

2p3a2
0

Z Z
K 0

F�ðQþ h;jÞF ðQþ g;jÞ

jQþ hj2jQþ gj2
djdOK 0 ,

(12)

where a0 is the relativistically corrected Bohr radius. The
transition matrix elements are

F ðQþ g;jÞ ¼

Z
uf ðj; r

0Þ exp½2pðQþ gÞ � r0�uiðr
0Þdr0. (13)

The transition matrix element is for a specific suborbital
occupied by the target electron in the atomic species. We
denote the normalized continuum and bound state wave
functions of the target electron as uf ðj; r0Þ and uiðr

0Þ,
respectively. Calculation of the target electron wave
functions can be made using Hartree–Fock based wave
functions [24]. The detector energy window DE limits the
range of the ejected electron’s wave vector j for a given
momentum transfer. The dOK 0 ¼ sin ydydf integration is
restricted to the collection semi-angle of the detector. The
inelastic scattering coefficients contain the mixed dynami-
cal form factors (MDFFs) necessary for incoherent
scattering. For further discussion of the MDFFs and their
physical significance see Schattschneider et al. [25,26].
4. Results

Consider two test scenarios: Al in a GaAs crystal and Sb
in a Si crystal. As a member of the group III–V
semiconductor family, the AlxGa1�xAs heterostructure
has received much scientific attention [27] making it an
excellent candidate for exploratory study. HAADF is
unable to resolve a single substitutional Al dopant as it
has a significantly smaller atomic mass than the supporting
GaAs crystal. The Al K-shell ionization edge lies at
1560 eV [15] and is an excellent candidate to demonstrate
the principles of EELS depth sectioning. Simulations for
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Fig. 7. Al K-shell EELS probe line scan simulations along h0 0 1i. The Al atom is embedded 62 Å deep on a Ga column at x ¼ 0 Å in a GaAs crystal

oriented along the h1 0 0i zone axis. The consequence of increasing EELS detector collection semi-angles, (a) b ¼ 10mrad, (b) b ¼ 30mrad and

(c) b ¼ 50mrad, is shown. Simulations used a 200 keV probe with probe forming aperture a ¼ 25mrad.
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the L-shell, which is experimentally more accessible, have
the same general features but are more adversely affected
by the nonlocality of the interaction and so are not shown
here. The simulations presented involved substituting an Al
atom for a Ga atom at various depths into a Ga column.
Whilst HAADF Sb in Si crystal simulations have been
reported [12] we present a set of complementary Sb EELS
results showing the spectroscopic identification of the
dopant Sb within the Si bulk. The Sb edge considered
was the M4;5 edge at 528 eV [15]. The Sb in Si crystal
simulations also involved artificially replacing a single Si
atom with a Sb dopant on column. The GaAs and Si
crystals were both aligned along the h1 0 0i zone axis. The
simulations assume a 200 keV diffraction-limited probe
with user-variable defocus. The EELS signal was integrated
up over a 40 eV energy window above ionization threshold.
(This energy window may be too small to collect much
signal in practice from the delayed Sb M4;5 edge but within
our simulations this does not affect the form of our results,
only their scale.) The HAADF images, using a local
approximation (mh�g;0), and EELS results, using the
nonlocal potential in Eq. (8), were calculated via multislice
techniques as described in Ref. [19].

4.1. Reference HAADF image

To perform STEM EELS depth sectioning the procedure
requires the simultaneous recording of both HAADF
images and EELS spectra. The HAADF image is used as
a structural reference to allow alignment of the EELS
spectra to the columns. To enable accurate alignment the
HAADF image must contain sufficient contrast. It has
been reported that the optimal HAADF probe forming
aperture semi-angle a which results in the greatest image
contrast may not necessarily be the largest available [28],
rather it is the probe whose width is comparable to the
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columns 1s-like state which is optimal. Rephrased, the
finest probe may not produce the most interpretable images
of the whole crystal. Nevertheless it is found that opening
the probe forming aperture to a ¼ 37:5mrad, beyond the
optimum coupling value for the experiment, produces a
simulated HAADF reference image that is qualitatively
interpretable for a range of differing defocus values Df

(see Fig. 3).

4.2. Role of the crystal in altering the probe properties

Large probe forming aperture semi-angles result in finer
probes that should interact weakly with the surrounding
crystal. This is pertinent to depth sectioning as the scheme
relies upon a narrow beam waist whose location can be
adjusted by varying Df . Wolf [29] produced contour plots
detailing the fractional intensity present on circular discs
for perfectly spherical waves emanating from a circular
Fig. 8. Plots for various Al dopant depths, (a) 28 Å, (b) 62 Å and (c) 90 Å, rela

The GaAs crystal is oriented along the h1 0 0i zone axis. The 200 keV probe is

The detector collection semi-angle is b ¼ 50mrad. The grey intensity scales ar
aperture. Here we present the analogous STEM case. The
radial integration of the electron probe intensity surround-
ing a column at different depths within the crystal shows
the evolution of the probe and the effect of the crystal on
the electron intensity distribution. Electron probe intensity
calculations for free space and the two test cases are
presented in Fig. 4. The free space situation represents the
ideal case where the probe does not interact with its
surroundings. The narrow beam waist is illustrated by the
localization of electron intensity at z ¼ 60 Å in Figs. 4(a)
and (b). The Si crystal electron intensity plots shown in
Figs. 4(c) and (d) are considerably more symmetrical and
contain a sharper beam waist than those of the contrasting
GaAs crystal, Figs. 4(e) and (f). The sharper beam waist is
indicated by the tighter cluster of contour lines in the
region z � 60 Å. For heavier crystals the cluster not only
spreads but also shifts the location of the waist along the
column away from the set probe defocus. The shifting of
ting the increase in aperture semi-angle a to the EELS intensity recorded.

located directly above the Ga column containing a single Al dopant atom.

e independent to emphasise the local maxima occurring at Df � 0 Å.



ARTICLE IN PRESS

Fig. 9. The fraction of the 200 keV probe that is coupled to the Ga column

1s-like states for varying probe defocus and aperture sizes a.
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the beam waist toward the incident surface shows the
influence of the crystal and specifically the atomic focussing
of the probe. The narrow beam waist reflecting the desired
operating regime presented in Fig. 1 can only be achieved
with large probe forming apertures.

4.3. Role of the detector in localizing the image in the

transverse direction

The nonlocal cross-section expression in Eq. (7) has the
implicit assumption that the degree of interference of the
inelastic wave originating at different points is determined
by the form of the detector [30]. The details of the detector
geometry are included implicitly in the potential via the
integration over the scattered electron wave vector K 0 in
Eq. (8). In the limit that the range of this integral tends to
infinity the integration collapses to a delta function and the
only non-zero elements in W inelðr?; r0?Þ occur along the
diagonal. (This limit is not formally reached, but can be
achieved in practice with suitably large collector apertures.
What constitutes ‘‘sufficiently large’’ is discussed in
Ref. [21].) This reduces the nonlocal expression Eq. (7) to
the local expression Eq. (5) where there are no longer
phasing effects. Supposing that the aberrations present in
the electron collector optics can be corrected, having the
two detector STEM geometry implies the EELS detector is
limited to the collection semi-angle of the inner HAADF
detector radius. Present collection semi-angles are much
smaller than this so careful consideration of the extent to
which a local interpretation for small collection semi-angles
can be made must be undertaken.

Fig. 5 shows the effect of varying the electron detector
collection semi-angle b on the image line scans along the
x-axis h0 0 1i. Within Fig. 5 the dopant Sb was placed on a
Si column at x ¼ 0 Å and a depth 65 Å. The negative
defocus corresponds to the beam waist being located inside
the crystal. In the z-direction, increasing the detector
collection semi-angle serves to shift the maximum intensity
recorded from the surface (Df ¼ 0 Å) of the crystal to the
region inside the crystal near the dopant site (Df � �70 Å).
The appearance of volcano-like behaviour in the image
when the defocus approximately equals the dopant depth is
shown explicitly in Fig. 6(a) and is removed with the
inclusion of larger collection semi-angles b, Fig. 6(b).
Volcano behaviour for the given probe and collector
parameters is also observed in isolated single atom cases.
Volcano formation is discussed further by Kohl and Rose
[31]. It would be convenient to define a pseudo-FWHM for
depth response where one relates the recorded intensity as a
function of probe defocus, similar to spatial resolution
plots produced by Cosgriff et al. [32]. However, when a ¼
25mrad the emergence of double peaks and volcanoes
complicates the interpretation of conventional z-direction
FWHM values.

In Fig. 7, the Al dopant was placed on a Ga column at
x ¼ 0 Å and a depth of 62 Å. The image b dependence is
explicitly shown in Fig. 7. Qualitative interpretation of the
image when using a detector collection semi-angle b ¼
10mrad suggests that the dopant is located on the surface
of the crystal which is clearly an incorrect interpretation.
The larger detector collection semi-angle b ¼ 30mrad has a
smeared peak intensity that encompasses the entire defocus
range. Finally, when the detector collection semi-angle b ¼
50mrad the majority of the signal intensity is localised at
jDf j approximately equal to the dopant depth. The peak
intensity corresponding to dopant depth in Fig. 7(c) shows
the over-focusing effect of the column. The peak intensity
occurs for probes focused further into the crystal than the
depth at which the dopant is located.

4.4. Role of the probe aperture size on the signal intensity at

the dopant site

It has been shown that larger detector collection semi-
angles result in more qualitatively interpretable images in
the transverse and axial directions. Using a large detector
with b ¼ 50mrad, the degree of precision to which one can
establish the depth of a dopant with increasing probe
aperture a is presented in Fig. 8. The simulations involved
holding the probe position directly above the column and
varying defocus.
Fig. 8 suggests a minimum probe forming aperture of

a ¼ 35mrad is required for the AlxGa1�xAs structure for
an EELS detector subtending b ¼ 50mrad. Note the false
peak clearly evident in Fig. 8(c) at Df ¼ 0 Å when the
probe forming aperture is less than a ¼ 25mrad. The false
peak is comparable to the true peak (Df � �110 Å) in
magnitude, implying the possibility of falsely assuming that
two dopants are present in the column. The origins of the
false peak can be explained with examination of Fig. 9
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which shows the fraction of the probe which couples to the
1s-like column states for the probe positioned above the Ga
column (calculated following Ref. [33]). The maximum
coupling of the probe to these states is achieved for a probe
positioned on the surface when the width of the probe is
commensurate with the width of the column 1s-like state.
When the probe is focussed onto the surface and couples to
the column 1s-like state, the subsequent electron channel-
ling along the column generates ionization events at
the dopant depth. This registers significant counts onto
the detector for a defocus which does not correlate to the
dopant depth.

Provided that the imaging system can produce suffi-
ciently fine probes, Fig. 10 shows the results depth
sectioning could provide for increasing collector sizes.
When the probe forming aperture is large (a ¼ 37:5mrad)
and the collection semi-angle (b ¼ 10mrad) small the
relative probe and detector sizes couple with a strongly
absorbing Ga column to increase the effect of volcanoes
Fig. 10. Al K-shell EELS probe line scan simulations along h0 0 1i. The Al at

oriented along the h1 0 0i zone axis. The consequence of increasing EELS

(c) b ¼ 50mrad, is shown. Simulations used a 200 keV probe with probe form
(see Fig. 10(a)). Reversing the relative size difference and
making the detector collection semi-angle b ¼ 50mrad (i.e.
bXa) returns results agreeing with a local model and
suggests that qualitative dopant depth interpretation will
be achievable (see Fig. 10(c)). Such geometries are
currently not obtainable experimentally but may become
achievable with next generation STEM equipment by using
post specimen electron optical lenses.

4.5. Multiple impurities on column

We have seen that, for an isolated impurity, a number of
factors affect the interpretation of depth sectioning based
on EELS. For too small a probe forming aperture, there is
strong coupling of the 1s-like state to the atomic column,
resulting in a large artificial peak in the integrated EELS
intensity when the probe is focused near the specimen’s
entrance surface. Fig. 8 demonstrates that there can be a
significant 1s contribution even for impurities located at
om is embedded on a Ga column 62 Å deep at x ¼ 0 Å in a GaAs crystal

detector collection semi-angles, (a) b ¼ 10mrad, (b) b ¼ 30mrad and

ing aperture a ¼ 37:5mrad.
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significant depths. In addition the overfocussing of the
electron probe due to the atomic column results in a
shifting of the observed maximum signal away from the
depth of the impurity. Given the difficulties in interpreting
a focal series for a single impurity, what can be determined
if more than one impurity is present?

In Fig. 11, we consider the case of two Al impurity atoms
located in a Ga column in h1 0 0i zone axis oriented GaAs.
These substitutional impurities are located at depths of 62
and 130 Å. The variation in intensity is shown as a function
of defocus for probe forming apertures of 25 and 37.5mrad
in Figs. 11(a) and (b), respectively. For a ¼ 25mrad we see a
large contribution to the intensity from 1s coupling for the
probe focused near the entrance surface. For the remainder of
the focal range there is a smeared out peak centred between
the dopants. This intensity distribution can be understood by
examining Fig. 11(c) which shows the intensity on the Ga
column as a function of defocus as well as the contributions
from each dopant individually, which may be added to
produce the total signal. Both impurities result in a strong
signal due to 1s coupling for the probe focus near the surface
adding to produce the maximum signal. The impurity at 62 Å
produces a peak around a defocus of �80 Å which is
Fig. 11. Simulated Al K-shell EELS line scans as a function of defocus forme

impurities in h1 0 0i zone axis oriented GaAs. The substitutional Al impurities

130 Å. An EELS detector semi-angle of 50mrad and energy window of 40 eV ab

shown in (c) and (d) for probe apertures corresponding to (a) and (b), respectiv

the dopants at 62 and 130 Å indicated by the dotted and dashed lines, respect
significantly larger than its zero defocus contribution. The
impurity at 130 Å, however, produces a peak at a defocus
value of �160 Å with less than half this intensity. Because of
the large depth of field there is significant overlap of these
peaks and the individual impurities are not resolved. For the
smaller probe used in Fig. 11(b) there are three clearly
resolved peaks in intensity as a function of defocus. As seen in
Fig. 11(d), the first is again due to the addition of the coupled
1s-like states from each impurity. Both impurities produce
delayed intensity peaks with magnitudes greater than the 1s-
like states and the decreased depth of field means that the
individual peaks are clearly resolved.

5. Conclusion

It has been shown that geometric depth sectioning within
the STEM using EELS signals is possible. Provided that
aberration correctors continue to allow increases in probe
convergence angles, depth sectioning will be possible on the
nanometer scale due to a further reduced depth of focus.
Probe coupling to the 1s-like state of the atomic column is
a limiting concern which was demonstrated to place strict
requirements on STEM probes. The nonlocal nature of the
d by a 200 keV probe with (a) a ¼ 25mrad and (b) a ¼ 37:5mrad, for Al

are located in the Ga column positioned at x ¼ 0 Å at depths of 62 and

ove threshold was used. Line scans as a function of defocus for x ¼ 0 Å are

ely. The total intensities are indicated by the solid lines, with signals due to

ively.
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inner-shell ionization necessary for EELS signals was
shown to impose similar demands upon the detector
collection semi-angle. Coupling experiment with rigorous
theory is demonstrated to be paramount in avoiding
erroneous image interpretation. The test cases explored
only two scenarios of a vast number of relevant scenarios.
This proof of concept study shows the viability of depth
sectioning samples where HAADF is not capable of
structure determination, namely imaging atoms lighter
than the surrounding matrix.
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