Microsc. Microanal. 10, 4-8, 2004
DOI: 10.1017/S1431927604040255

Microscopy.w
icroanalysis

© MICROSCOPY SOCIETY OF AMERICA 2004

The 1s-State Analysis Applied to High-Angle, Annular
Dark-Field Image Interpretation—When Can We Use It?

Geoffrey R. Anstis*

Department of Applied Physics, University of Technology, Sydney, P.O. Box 123, Broadway, NSW 2007, Australia

Abstract: A small probe centered on an atomic column excites the bound and unbound states of the
two-dimensional projected potential of the column. It has been argued that, even when several states are
excited, only the 1s state is sufficiently localized to contribute a signal to the high-angle detector. This article
shows that non-1s states do make a significant contribution for certain incident probe profiles. The contribu-
tion of the 1s state to the thermal diffuse scattering is calculated directly. Sub-Angstrom probes formed by
C;-corrected lenses excite predominantly the 1s state and contributions from other states are not very large. For
probes of lower resolution when non-1s states are important, the integrated electron intensity at the column

provides a better estimate of image intensity.
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INTRODUCTION

The use of a high-angle, annular dark-field (HAADF) detec-
tor in a scanning transmission electron microscope (STEM)
has proved very productive in determining the atomic struc-
ture of many materials, particularly those made up of
clearly defined columns of atoms. Most of the electrons that
are scattered through an angle sufficient to reach the detec-
tor have exchanged energy with the vibrational modes of
the material, that is, undergone thermal diffuse scattering
(TDS), and to do this they must be close to a column as they
pass through the sample (Howie, 1979; Wang & Cowley,
1989; Pennycook & Jesson, 1991).

One of the methods that has been used for computing
the atomic-resolution images obtained with this imaging
mode is to calculate the intensity of the image-forming
electron at each column position and then to weight the
sum of these intensities by a factor that depends on the
vibrational parameters of the atoms and the acceptance
angles of the detector. Recently Rafferty et al. (2001) have
argued that this approach may be in error, particularly for
columns of atoms of high atomic number. These authors
state that it is the 1s state component of the electron wave,
to be defined below, that determines the HAADF image
intensity and the non-1s state components, although signif-
icantly excited by the fast electron, do not make a major
contribution to the image.
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The description of the electron wave within the sample
in terms of the 1s state and the non-1s state components
arises from using the channeling approach to electron scat-
tering. The scattered wave is expressed in terms of the
quantum mechanical eigenstates of the two-dimensional
projected potentials of atomic columns. The eigenstates are
either bound (negative energy) or unbound. The bound
states are labeled as 1s, 2s, 2p, and so forth. The number of
bound states depends on the depth of the projected poten-
tial and the energy of the incident electron.

The 1s state makes the major contribution to the
HAADF image intensity of the column because an electron
undergoes significant thermal diffuse scattering only if it
passes close to the atomic column. The contribution of the
other eigenstates is less because they are not as strongly
peaked at the column as the 1s state.

The conclusion of Rafferty et al. (2001) that image
intensities calculated from the total intensity at the column
may be in error are based on calculations that do not
explicitly calculate the thermal diffuse scattering. For this
reason, their study could be regarded as incomplete. This
article calculates the thermal diffuse scattering explicitly
and uses this calculated intensity to calculate the image
intensity. It is found that images formed with TDS electrons
may contain significant contributions from non-1s state
electrons. Thus the conclusions of Rafferty et al. have lim-
ited validity. This article explores conditions under which
their approach does provide a useful estimate of the image
intensity.

We consider images of [110] InAs and show that the 1s
state is useful for a qualitative understanding of the image



intensity under several imaging conditions. Only in some
circumstances is it useful for quantitative predictions. For
instance, it is a good approximation for determining images
formed with a sub-Angstrom probe that is focused on the
entrance surface of the sample.

MEeTHODS OF CALcuLATING HAADF
IMAGE INTENSITY

Two approaches are employed to calculate the thermal
diffuse scattering. Both are based on the multislice method
of Cowley and Moodie (Cowley, 1995). The first may be
considered as an extension of the work of Cowley (1988),
who calculated TDS in a first-order approximation through
use of a thermal scattering function that depends on the
first derivative of the atomic potential. The present work
includes higher-order scattering functions involving higher-
order spatial derivatives and is described in more detail by
Anstis (2001). It has been applied by Anderson et al. (1997)
to estimate the Al concentration in Al,Ga,_,As from atomic
resolution HAADF images. Equivalent schemes have been
described by Dinges et al. (1995) and by Wang (1995).

The method requires that the elastic wave function be
calculated at each atom and the amount of scattering of
order (s, t) to position (U,, U,) in the reciprocal space plane
perpendicular to the columns is determined by the function
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U is a vector in reciprocal space. ®(U)exp(—3BU?) is the
atomic scattering factor for elastic scattering that, in the
high-energy limit, is the Fourier transform of the configura-
tional average of exp[io@(R)] where @(R) is the projected
atomic potential and o = 27meA /h?* (Cowley, 1995). ®(U)
is a complex function with an imaginary part correspond-
ing to the rate of thermal scattering (Cowley, 1995; Anstis,
1996). The average over all positions of an atom introduces
B, the temperature parameter, which is proportional to the
mean square amplitude of atomic vibration. The parameter
t is the order of the thermal scattering. t = 1 corresponds to
single thermal scattering. + = 2 corresponds to thermal
scattering of already thermally scattered electrons, and so
on. The parameter s is related to the amount of thermal
scattering of order ¢ that is in the x direction.

The other method of calculating the TDS is based on a
Monte Carlo approach. We calculate the scattering by con-
figurations of atoms at particular instances of time and find
the average value of the total intensity of electrons scattered
within the angular range defined by the detector to obtain
an estimate of the image intensity. This method has been
called the frozen phonon method and has been used exten-
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sively by Silcox’s group (Loane et al., 1992). The deviations
of atoms from their equilibrium positions are selected by
using a random number generator. The mean square devia-
tion of each atom species depends on its temperature param-
eter B. This approach requires the input of the elastic
scattering function only.

To find the 1s state associated with a column, the
multislice method is modified so that the z direction, the
direction along the column, becomes an imaginary number.
This change results in the projected potential of the column
being an absorptive one. After the “wave” has propagated
sufficiently far along the column, only the lowest-energy
eigenstate component of the incident wave has significant
intensity; all other components having been absorbed. De-
tails are given by Anstis et al. (2003).

A probe in the form of a 1s state centered on a column
will propagate along a nonabsorbing atomic column with-
out changing its shape. However if thermal scattering takes
place, the amplitude of the wave function for the elastically
scattered electron diminishes and its shape changes slightly
as it propagates along the column.

The probe is defined by the reciprocal space expression

P(U) = A(U)exp[—im(AeU? + 1A°C,U*)],

where the aperture function A(U) = 1 if U < Uy, =
sin 6,,,,/A and is 0 otherwise. C, is the coefficient of spheri-
cal aberration and ¢ is the amount of defocus.

The real space function p(R) describing the probe
is found by inverse Fourier transformation of P(U). The
probe can be expressed in terms of the 1s state component
and the non-1s state components

p(R) = C15¢15(R) + Cn gpn(R70)

The wave function for the elastically scattered electron
at distance z along a column is given by

\I’(R) Z) = Clsgols(R)eXp(_MlsZ)
X exp(_iO-ElsZ) + Cn @n(R, Z))

where E, is the energy of the 1s state. u, is the absorption
parameter for the 1s state.

If the non-1s-state components have energies near zero,
it may be a good approximation, for small values of z, to
write

V(R,2) = c;,¢1(R)exp(—p 1 z)exp(—ioE, z)
+6,0,(R,0)exp(—u, 2),
where w,, is the absorption parameter for the non-1s states.

In this case, the intensity of the wave along the column
peaks at regular intervals of length 277/0 E,.
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Figure 1. Intensity of electrons reaching HAADF detector as a
function of column length for a probe centered on indium and
arsenic columns. TDS is calculated from the full wave function
and from its s-state component. The continuous lines are the
scaled integrated intensities of elastically scattered electrons along
the columns. The probe parameters are: « = 9.7 mrad, C; = 1 mm,
€ = —44 nm. Scaling factors are given in Table 1.

The 1s state is strongly peaked at the column center
and generates a large amount of TDS. The other states are
not so strongly concentrated and will generate less TDS. It is
then reasonable to assume that for the purposes of calculat-
ing the TDS it is sufficient to consider only the 1s state
contribution. In the next section we consider several differ-
ent probes and see what contribution the 1s state makes to
the HAADF image intensity.

CoMPUTATIONS OF THE CONTRIBUTIONS
ofF 1s States To HAADF IMAGES

The particular structure considered here is [110] InAs.
Columns of In and As atoms are separated by 0.151 nm and
the atoms along a column by 0.43 nm. The temperature
parameters are 0.002 nm? for In and 0.004 nm? for As. The
unit cell of dimensions 0.606 nm by 0.43 nm is sampled at
256 X 256 points. The energy of incident electrons is
300 keV, at which the wavelength is 0.00197 nm. The num-
ber of sampling points means that scattering out to 200
mrad is considered. The angles defining the HAADF detec-
tor are 60 mrad and 200 mrad.
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Figure 2. Distributions of energies of eigenstates excited by probes
centered on atomic columns. Probe parameters are: C; = 1 mm,
a=9.7mrad, e = —44 nm; C, = 0 mm, « = 22.4 mrad, € = 0.

First, consider a probe formed with an objective lens for
which C; =1 mm, € = —44 nm, and & = 9.74 mrad. Figure 1
shows how the HAADF intensity varies with distance along
the column when the probe is placed on the indium column
and on the gallium column. The continuous curves are the
integrated elastic intensities of electrons on the columns that
have been scaled to pass through the marked points that
have been obtained by explicit calculation of the thermal
diffuse scattering. The contributions to the signals from the
1s states are also shown. Thus, at least in this case, it seems
that the total electron intensity at the atom sites provides a
good indication of the HAADF signal whereas the 1s state
accounts for only a fraction of the signal.

If the probe is formed with a C;-corrected lens that is
in-focus and with a semi-angle of convergence of 22.4
mrad, the signal does not exhibit a strong oscillation. Most
of the signal is due to the 1s state.

The oscillation of the In curve is due to the interference
between the s state and the other states. The distributions
of eigenstates generated by these probe are shown in Fig-
ure 2. The distributions are determined by recording the
wave functions at each column position as a function of
distance z, and then Fourier transforming the set of values
(see Anstis et al., 2003). There is a peak near energy —130
eV corresponding to the energy of the 1s state. The strong
peak near energy —10 eV that is excited for the lower-
resolution probe corresponds to the excitation of the 2s
state of an indium column (Rafferty et al., 2001).

Figure 3 shows the signals for several imaging condi-
tions that are scaled to the signal generated by the 1s state.
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Figure 3. The intensity of electrons reaching the HAADF detector
as a function of column length for In and As columns and for
several probe parameters. The intensities have been scaled (see
Table 1) to the integrated elastic intensity along the column due to
an s-state probe. Curves are labeled according to the probe param-
eters. C, =1 mm, a = 9.7 mrad, € = —44 nm (9.7); C; = 0 mm,
a =224 mrad, e =0 (22) and —4 nm (22/40); « = 39 mrad, e = 0

(39).

This figure shows that the 1s state does provide an indica-
tion of the HAADF signal to be expected provided the
scaling factor can be found. The scaling factors relating the
intensity of the detected TDS generated by various probes
and that generated by the s-state component of the probe
are shown in Table 1. Also shown are the scaling factors
relating the TDS to the total integrated elastic intensity of
the probe along the column. The results indicate that the
s-state scaling factor is the factor more sensitive to imaging
conditions.

Figure 4 provides a measure of the contributions of the
non-1s states to the HAADF signal. These contributions
have been calculated by assuming the incident probe com-
prises all of the non-1s-state components of the probe
formed by a lens with the indicated parameters. It is seen
that a significant signal can be generated by a probe that
does not have a 1s-state component.
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Table 1.  Scaling Factors to Obtain TDS by a 8.6-nm Column
from: (1) TDS Generated by s-Wave Components of Probe; (2) the
Integrated Elastic Intensity along the Column. The Probe Param-
eters Are Given.

Integrated
s-state intensity

Cs a € scaling scaling

(mm) (mrad) (nm) factor factor
1 9.7 —44 1.4 0.9
0 22.4 0 1.0 1.0
0 22.4 4 1.8 0.9
0 39.0 0 1.1 1.0
s-state probe 1.0 1.0

Intensity

0 20 40 60 80 100 120 140
Distance (Angstrom)

Figure 4. Contributions of non-1s states to the HAADF signal as a

function of length of indium column for a variety of probe
parameters (refer to Fig. 3).

SUMMARY

This article investigates the conjecture that only the 1s-state
component of the scattered wave makes a significant contri-
bution to the HAADF image intensity. It has been shown
that this is the case for a probe of a shape similar to that of
the 1s state but that non-1s states are important for probes
of other shapes. Knowing the intensity of the total electron
wave at atomic sites can be used to obtain the HAADF
image intensity with reasonable accuracy. Thus, there seems
to be no reason to reexamine the many publications that
have used this approach.
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Review of

The 1s-state analysis applied to high-angle, annular dark-field
image interpretation - when can we use it?

By Geoffrey R. Anstis.

This paper deals with a topic of current interest, since the
interpretation of HAADF STEM images, particularly of
semiconductors and their interfaces, is highly relevant for
nanotechnology, and the applications of the new aberration-
corrected STEM instruments for such studies are being explored.
There are several schools of thought on this and their ideas seem to
be converging. This paper assists with the convergence. The
conclusion is that for the aberration-corrected instruments the 1s-
state picture should be a good approximation.

This paper follows on from the recent paper by Anstis, Cai and
Cockayne in Ultramicroscopy (2003) and extends and reinforces
those results, with calculations for InAs, to add to those for diamond
and GaAs. It is a useful contribution to the literature and warrants
publication.

The weakness of the paper is in the presentation.
In my copy, all the Greek letters are missing in the text, the figure
captions and the Table. This makes it hard to read.
Also, there is too much reliance on knowledge of the previous
publications of the author so that it is difficult to understand the
argument without hunting up previous papers. For example, on the
top of page 5, what is the meaning of “scattering of the order (s,t)”.?
What is the meaning of the notation”22/40” in Figs, 3 and 4?7 A few
more words of explanation would help.

Recommendation: accept for publication after attention to these
details.



Re. “The 1s-state analysis applied to high-angle, annular dark-field image interpretation —
when can we use it”, by Anstis

This paper reports dynamic calculations on the contrast contributed by TDS in HAADF
STEM image. The paper addresses an important question whether the 1s-state is an
excellent approximation; if yes, what are the conditions. It has long been interpreted that
HAADF STEM image as the Z-contrast image and be simplified in a way that the image
contrast is a sole representation of the projected atomic number along the column. This
interpretation is valid in most of the cases for very thin samples, but for the cases of
interfaces and dislocations cores, the Z-contrast approximation could be quite off the true
structure. By pointing this out through theoretical calculation, the author has made his
argument. The results will be useful for others to re-examine this long believed story. The
paper is suggested for publication after minor revisions as specified below.

1. There are many symbols missing in the text and in figure captlon which may be
due to the errors introduced by the software.
2. The following papers should be quoted in the references because they are closely

related to the topics described. In fact, some of the points presented by the author
have been discussed in these papers:

Z.L. Wang, "Dynamical Theories of Dark-Field Imaging Using Diffusely Scattered Electrons iln STEM
and TEM,” Acta Crystal. A, 51 (1995), p. 569-585.

Z.L. Wang, "Electron Statistical Dynamical Diffuse Scattering in Crystals Containing Short-Range Order
Point Defects,” Acta Cryst. A52 (1996), p. 717-729.
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