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Abstract

A methodology for obtaining high resolution crystal structure potential distribution from elec-

tron microscope images of defects is presented. The technique is based on the inversion of the

multislice procedure when extended to non-periodic wavefields. The sensitivity of the method

to the defect model and position in the crystal is examined briefly.



INTRODUCTION

In most applications of high resolution transmission electron microscopy (HRTEM) the ultimate

aim is to obtain the atomic level structure of the specimen. Until recently this has been partially

achieved using the weak-phase-object approximation (WPOA), supported by image-matching

techniques, but limited to Scherzer resolution which for most cases is no better than 0.17nm.

Many potential applications of HRTEM to interesting crystal projections of many advanced

materials are excluded by this limitation.

The inversion of HRTEM image data to retrieve crystal potential, in general, requires two

difficult steps: (i) the removal of the contrast transfer function of the microscope to obtain

the complex wavefunction, V'ff(r), at the exit surface of the crystal of thickness H; followed by,

(ii) the inversion of the many-beam dynamical elastic multiple-scattering process in the crystal

specimen, to obtain the scattering potential.

Several methods for the retrieval of TPH(T) have been proposed including holography (Lichte,

1991), Genetic and Simulated Annealing algorithms (Thust et al., 1994; Bierwolf & Hohenstein,

1994) and variants of the focus-variation method (FVM) in which several images recorded in

a through-focus-series (TFS) are combined by image-processing techniques (Kirkland, 1984;

van Dyck & Op. de Beeck, 1992; Beeching and Spargo, 1992). An alternative scheme, based

on a series of images obtained using systematically tilted illumination and then recombined

using a suitable restoration filter has been proposed (Kirkland et al., 1995) but, while it has

demonstrated resolution gains, the reliability and robustness remain to be evaluated using a

specimen of known structure. On the other hand, as part of the BRITE-EURAM project

(number 3322), Coene et al. (1992) first demonstrated that image reconstruction based on the

FVM in conjunction with the maximum-likelihood method (MAL) had yielded resolution levels

of 0.14nm. The image data used was recorded from a specimen of yttrium barium copper oxide



using a HRTEM of much poorer nominal resolution than that evident in the reconstruction.

Importantly, the HRTEM used in this case was equipped with a field-emission electron source

of high temporal coherence so that image detail down to its very low "information limit of

resolution" was potentially retrievable by image processing. The aims, methodology, current

status and achievements of this project are reported by van Dyck et al. (1996), and the other

papers included in Volume 64 of Ultramicroscopy 1996.

Clearly much progress has been demonstrated in recording the TFS images and in the retrieval

of the wavefunction so that, with implementation of measures designed to enhance the con-

vergence of the FVM-MAL methods, resolution in the reconstructed exit-surface wavefunction

approaching 1 A has been achieved using image data from a 300keV FEGTEM. Less confidence,

however, has emerged on the second stage of the task, namely the inversion to obtain the crystal

structure, although the initial result using the direct structure determination method based on

electron channelling theory (Op de Beeck & van Dyck, 1996) has shown impressive promise.

Given that the (complex) wavefield exiting from a crystal can now be measured (by the focus

variation method, for example), presumably for both perfect and imperfect crystals, it remains

to be seen if the associated structure of a defect in the crystal can be determined by inversion of

the dynamical scattering. This possibility is examined here using a method based on reversal of

the multi-slice routine as detailed for perfect crystal wavefields by Beeching and Spargo (1993).

It is the methodology and validity of the inversion process that is highlighted in this paper rather

than the feasibility of recording and retrieving the complex wavefield itself. The technique is

examined using simulation methods and calculations for nearly localised defect models.

DEFECT MODEL

The defect that has been used in the simulations of the inversion method is the self-interstitial in

silicon. The self-interstitial in silicon has been described as a tantalising defect and one whose



involvement in many solid state processes is suspected to be very important (Nastar et al.,

1996). Despite this, there does not appear to be any confirmed reports of direct observations

of self-interstitials though there is a wealth of indirect evidence for their existence, particularly

in association with oxygen precipitation at elevated temperatures (Newman et al., 1983). The

possibility of detecting this defect by HRTEM direct imaging methods has been examined and

possible conditions for its observation have been proposed (Glaisher Sz Spargo, 1983).

Various models have been proposed for the configuration of the self-interstitial defect (Fahey

et al., 1989) and two such cases are examined here to see if they could be distinguished in a

HRTEM investigation. The model of a single split [100] self-interstitial in silicon was generated

from a stick model obtained by replacing one Si atom by two Si atoms, and reconstructing the

lattice without altering the Si-Si bond lengths but allowing bond angles to change. The second

model was obtained by inserting an extra atom into the lattice in a "tetrahedral position". In

both models (henceforth referred to as A and B) relaxation out to third nearest-neighbours only

was included, the remaining atoms being at perfect lattice sites so as to satisfy the periodic

continuation criterion for a local defect as defined by Wilson & Spargo (1982). While this is

probably unrealistic, there appears to be no strong evidence to rule out any of the postulated

structures for this interstitial although calculations do suggest that other configurations may

have lower energy (Maroudas & Brown, 1993). An isometric representation of both defect

structures is shown in Figs, la and lb, while the [110] projection of the (periodically continued)

unit cells used for scattering calculations is shown in Figs. 2a and 2b. The potential for these

cells was sampled over an array of 65536 points and the dynamical wavefield was generated using

the multi-slice procedure that included 28561 diffracted beams (Bragg plus diffuse). A similar

sized unit cell, containing 128 Si atoms, was also used for simulating the perfect crystal regions

before and after this defect-core layer.

The exit-surface wavefield for 400kV electrons resulting from a crystal having a total thickness



of H = 20nm, which is perfect apart from having a single defect-core layer, of type A, situated

at a thickness of Hj — lOnm, is shown in Fig. 3a while the Fourier transform of this is shown in

Fig. 3b. The corresponding wavefield formed by excluding the Bragg-scattered beams (indicated

by the black dots) is shown in Fig. 3c. While the presence of the defect region can be barely

detected in 3a, it is apparent that excluding the influence of the periodic structure on the

wavefield clearly enhances the contrast of the defect.

INVERSION

The exit-surface wavefields similar to those in Fig. 3 were used as input for the inversion routine

described by Beeching & Spargo (1993), and the wavefield propagated back to the slice just

following the defect-core slice as shown in Fig. 4. At present this procedure assumes that the

total crystal thickness and the depth of the defect-core region are known. Also, the wavefield

at the slice just preceeding the defect-core slice was calculated by forward propagation of an

incident plane wave. The phase grating potential required to link these two distributions could

then be deduced and the results are shown in Fig. 5 for both defect models, and for the two

cases: (H, # / ) = (20, 10) and (H, Hi) = (16, 8).

The true phase grating potential of the defect-core layer is shown in Fig. 5a. The potential

obtained by applying the high-voltage-limit (HVL) approximation to the wavefield generated by

the diffuse scattering is shown in Fig. 5b, while the result obtained using the Beeching-Spargo

inversion procedure is shown in Fig. 5c.

The effects of making an incorrect choice for the depth location of the defect-core layer have

been simulated as shown in Fig. 6 for (H, Hi) = (16, 8). The results from both models

indicate that this may not be too destructive; it must be emphasised, however, that this is only

a preliminary result and it may be a peculiarity of the particular thicknesses assumed and so

could be misleading.



CONCLUSION

This investigation suggests that if a defect similar to the ones modelled here actually exists,

and is sufficiently immobile, then it could be detected in HRTEM images and its structure

could be deduced by the methods of wavefield retrieval and inversion as presented here. Further

the recovered structure should enable the configuration of the object to be distinguished from

amongst feasible contenders. A major shortcoming of this study is that it requires a good

estimate of the crystal thickness and of the position of the defect; also the effects of diffuse-

diffuse couplings between diffuse-scattered beams that would be present in defects that are less

localised than that modelled here, and are extended in the direction of the electron beam, may

need to be considered in future investigations.
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Figure 1

Isometric representations of the two defect models used in subsequent recovery calculations. In

the text the model on the left is termed "A", while the model on the right is termed "B".

Figure 2

The [110] projection of the periodically continued unit cell for (a) defect type A and (b) defect

type B.

Figure 3

(a) Exit surface wavefield for 400kV electrons resulting from a crystal of thickness 20nm, with

a defect core layer (of type "A") situated at a thickness of lOnm. (b) Fourier transform of (a),

(c) diffuse component of (a).

Figure 4

Methodology of inversion scheme.

Figure 5

The top two rows correspond to defect type A, while the lower two rows correspond to defect type

B. (a) True phase grating potential of defect-core layer, (b) Potential of defect layer calculated

using the HVL approximation, (c) Potential of defect layer calculated using the Beeching-Spargo

inversion procedure.

Figure 6

Effect of an incorrect choice in the defect-core layer position. The actual calculation corre-

sponded to (H, Hi) — (16, 8). (a) The recovery assuming a defect depth of 4nm. (b) The

recovery assuming a defect depth of 12nm.
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