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ABSTRACT: Electronmicroscopestructureanalysisis usually basedon the trial-and-

error image matchingetweensimulatedcontrastsand the experiment A quantitativeana-

lysis requires the accurate knowledge of the local thicknessrardationof the samples,

which is difficult to include pixelwise into the iterative procedure. Inprinciple, electron
holographyallows the aberration-freereconstructionof the complex wave function in
amplitudes and phases at the exit surface of a crystal. This implies the possibility of directly
retrieving object information, the inverse solution can be gained by linearizing the
scatteringproblemyielding an analyticalsolution of the dynamicatheory with respectto

the local sample thickness and orientation.

1.INTRODUCTION

The imaging of crystal defects by high-resolution transmissionelectron microscopy
(HREM) or with the help of the electron diffraction contrast technique iskmellvn and rou-
tinely used. However, a direct and phenomenologicaanalysisof electron micrographsis
mostly notpossible,thusrequiringthe applicationof imagesimulationand matchingtechni-
gues.To performimagesimulationsinteractivelyandin a more quantitativemannerimplies
the availability of a lot of additional facilities, e.g., precisemicroscopealignmentand opti-
mization of imaging, as well as an analysis of the validity of the approximations used.

Alternatively it is of importancethat the reverseproblem can be solved, i.e. the direct
retrieval of the specimenstructurefrom the electronmicrographs.This analysisis basedon
the knowledgeof the complexelectronwave at the exit planeof an object reconstructedor
single reflections by electron holography (Lichte 1991 and 1998, Orchowski and 199%¢
or otherwave reconstructiortechniquesin principle, it enablesdirectly the retrieval of the
local thickness and orientation of a sample (Scheerschmidt 1997 and 1998)asstnetefi-
nement of potential coefficients or the determinatiothefatomic displacementields, caused
by a crystal lattice defect (Scheerschmidt and Knoll 1994).

2. TRIAL-AND-ERROR HREM-IMAGE INTERPRETATION

The HREM image contrast geterminedoy two processeskirst, by the electroninterfe-
rences owing to the interaction process of the electron betmnihe almostperiodic potential
of the matterand, second,by the interferenceof the plane wavesbeing transferredby the
microscope.The most laboriouspart of the simulation process isthe computationof the
electronwave function at the exit planeof the specimenwhich demandghe solutionof the
dynamicalscatteringproblem. The correctdescriptionof the imaging process haso include
the microscope instability and a nonlinear transfer which is givehdxgutocorrelatiorof the
wave spectrum weighted with the transmission cross-correlation coefficient.
Repeatinghe imagemodelling by varying both the modeland the imaging parametersip to
coincidence with the experiment is called the image matching technique. The ssistiovan
in Fig. 1: A priori information of the experiment leads to a start maddkan initial parameter



set. It is important to have suitable criteigaanalyzethe similarity of experimentabnd simu-
latedimages.A good strategyof varying modeland parametefsimulatedannealing genetic
algorithm) are necessaryand sufficiently precisestructuremodelling of the objecthasto be
using preferentially molecular dynamics structure relaxations. Nevertheless,the whole
process is equivalent #n inverseproblemas discussebtielow, with the samedifficulties in

finding proper solutions.
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Fig. 1: Scheme of trial-and-error image matching
3. WAVE AND OBJECT RECONSTRUCTION

Holographywith electronsoffers one of the possibilitiesof increasingthe resolutionby
avoiding the microscope aberratiafhischte 1991 and 1998, Orchowskiand Lichte 1997). It
also enables the complete complex object walet@stored.Using a Mollenstedt-typeelec-
tron biprism (cf. the ray path in Fig. 2yeferencevave outsidethe objectmutually overlaps
with the object wave in the image placreatingadditionalinterferenceringes, viz. the holo-
gram. Its intensity is modulated by the amplitude of the obyaste, whereashe fringe posi-
tion is variied by the phase,thus containingmaximum object information due to coherent
electrons.

A Fourier transform of the intensity distribution of thelogram(cf. spectrumFT in Fig.
2) generates three distingpectralpatternsf the carrierfrequencyis sufficiently high. In the
central region of the spectrum the zero peakthadutocorrelatiorare obtained representing
the conventionatliffractogramof the objectintensity, completelyidenticalwith that obtained
from a correspondinglREM micrograph.Thus nophaseinformationis containedn the re-
construction of the autocorrelation (cf. HREM in Fig. 2). The sidebesptesenthe Fourier
spectrum of the complete complex image wave and its conjugate, respectively, fronthehich
objectwave (cf. WAVE) canbe reconstructedby separatingcentring, and applying the in-
verse Fourier transform including a reciprocal Scherzer filter.

In addition, the wave reconstructioncan be applied to each reflection separately(cf.
amplitudes/phases in upper/lowerw of SINGLE REFLECTIONIn Fig. 2), which enables
the next step,the objectretrieval (Scheerschmidi997and 1998). In its simplestform, the
basic solution of the dynamictileoryis linearizedby a seriesexpansionn termsof deviati-
onsfrom a given setof startvaluesof, e.g., the samplethicknesst, the incident beamdi-
rection (Kx,Ky), the lattice potential. Using a perturbation approachiniearizedplanewave

amplitudesat the exit face of the object maybe expressedn analytic form ®(t,Kx,Ky,

...)=®(to,Kxo,Kyo, ...)+*M[t-to,Kx-Kxo,Ky-Kyop, ...]. Comparing theheoreticawith the
experimental amplitudes and phases for each refleatidiat eachimagepixel yields a linear
equationsystemfor the samplethickness beamorientationetc. Analyzing theequationsen-



able the inverseolution[t,Kx,Ky, ...]=Miny:(PEXP-®). Here, however,the inversematrix
Minv has to be a generalized and regularized one, e.g., the Moore-Penrose invedifi- This
culty is dueto the fact that the problemis overdetermineavith respecto the unknownsbut
underdetermined the noiseis included.While direct problemsare mostly properly posed,
i.e. they are characterizedy the existence stability and uniquenesof a solution, inverse
problems are improperlgr ill-posed,so thatthey canbe solvedonly in a least-squarenini-
mization of a suitable vector norr®§XRd||-+|W||=Min, whichis equivalentto a Maximum-
Likelihood method. The resulting solution is now well-posedbut perhapsill-conditioned,

which is controlled and optimized by an additional constraint and a regularization pasameter
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Fig.2: Wave reconstruction using electron holography and object retrieval (thickness t and beam orentation K)



Fig. 3 demonstratethe smoothingof the regularizedinversesolution as a function of the
regularizationparameterand the dependenciesf the ambiguitieson the initial conditions,
implying the criteria for the validity of the perturbation approximat®uch systems dinear
algebraicequationsare a conceptionallysimple mathematicaimodel for inverse problemsof
thefirst kind and equivalentto the determinationof unknown parametersf an object with
known interaction. If one includes additionally the determination of unknown ldtfeetsin
the retrieval procedure, one gets an inverse problem akitendkind, directly relatedto the
analysis of black boxes. Here much more a priori information is necassargid modelling
errors and to overcome the difficulties resulting from missiaigas well asto transformthe
system to an inverse problem of first kind.

Fig. 3: Retrievalof objectthicknesst andbeamorientationK for a simulatedtest object (constantt=2.55%,
linearly varyingK=f(i,j) of pixel i,j) for differentretrieval parametedifferences:6K=(0,0), ot=1.5, y:10'19
(a); 8K=(0,0), 8t=1.5, y=10" (b); 5K=(-1.2,0),5t=1.5¢, y=1019 (c): 8K=(-.2,0), 5t=7.5, y=108 (d).

4. CONCLUSIONS

With the advances on the microscope design, HREM has become routinaeatiugion
much better thaf.2nm. The atomicimaging, however,requiresfurther instrumentaimpro-
vements as to the point resolutiam, usingobjectwave reconstructiormethodsas, e.g., the
holography to avoid phase changes and transfer zeros up to the information th@inafro-
scope. For an improved and more quantitative interpretatiamtging conditionsshouldbe
determinedmost precisely.Furthermorethe trial-and-errorretrieval procedureneedsquanti-
tative similarity criteria and a very goatjectmodelling. The imagesin extremelythin areas
present the electron density distribution and small defedtsaadimensionaprojections,i.e.
information seem@retrievablylost. Neverthelessirrespectivewhetherthereexistsa unique
solution, the image matching shouddd overcome which requiresadditionalinformationvia
the wave phases, or different projections. Thlgectretrievalasthe solution of the inverse
problem should be searched for and extended to the analysis of defects, too.
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