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Abstract

Quantitativemeasurementof intensityprofilesof equalthicknessfringeshasbeencarriedout in

Si andMgO crystalimageswith anenergy-filtering transmissionelectronmicroscopeusingan

imagingplate.Thecrystalshavea90
�

wedge-shapewith
�
110� surfacesfor Si andwith

�
100�

surfacesfor MgO, andareobservedundertheexactaxial incidenceof a200keV electronbeam

alongthe[100] axis for Si andalongthe [11̄0] axis for MgO. The intensitiesaremeasuredin

brightfield and022and040darkfield imagesfor Si, andin brightfield and111,002,220,113,

222,and004darkfield imagesfor MgO, with andwithout anenergy slit having � 5 eV energy

width for incidentelectrons.The intensityprofilesobtainedfrom the imagesarepresentedas

standardexperimentaldatafor calculationof electrondiffractionintensities.A few simulation

programsfor high-resolutiontransmissionelectronmicroscopyarecheckedby comparingthe

calculateddiffractionintensitieswith theexperimentaldata.Thecomplex potentialsuitablefor

matchingthedatais discussed.

Intr oduction

High-resolutiontransmissionelectronmicroscopy(HRTEM) hasbeenestablishedasa method

to analyzenano-structuralmaterialswith atomicscaleresolution,supportedby theadvanceof

a transmissionelectronmicroscope(TEM) andits attachments.In particular, thedevelopment

of detectorssuchasanimagingplate[1] andaslow-scanCCDcamera[2], whichcanrecordan

imageintensityasdigital datawith highsensitivity, goodlinearityandwidedynamicrange,has

openedup quantitative analysisof HRTEM imagesandelectrondiffractionpatterns.We have

pointedoutthepossibilityof aquantitativeHRTEM usingsomecomputerexperimentsin which

theimageswerecalculatedfor InGaAs/InPcrystalscontainingvariousdiffuseinterfaces[3] and

for InPcrystalsusingvariousslicethicknessesandcrystalpotentials[4]. Wehavealsoreported
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quantitative agreementbetweentheobservedandcalculatedHRTEM imagesof the [001] InP

crystals[5].

Thequantitativeanalysisof experimentaldatadependsentirelyonthesimulation.Therefore

anobjective inspectionof thesimulationprogramis indispensablefor its accuracy. A general

simulationprogramcalculatesthe crystal potentialevaluatedfrom atomic scatteringfactors

[6–8], the scatteringprocessin the crystal using a dynamicaldiffraction theory suchas the

multi-slicemethod[9,10] or theBethemethod[11], andthe imagingprocessby theobjective

lenson the basisof electronoptics,suchas the partial coherentimagingtheory[12]. These

theoriescontainvariousapproximationsandthereis a possibility that theprogramshave bugs

or errors. In fact, the resultsof the calculationof dynamicaldiffraction intensityby various

programsdo not alwaysagreewith eachother [13]. Although mutualcomparisonof various

programsmaybeeffective to find out thebugs,to makethecalculatedresultsconsistentis not

thefinal aim. Thecomparisonwith thereliableexperimentaldataandthesubsequentfeedback

to thetheoriesarestill moreimportant.

Equalthicknessfringesin a wedge-shapedcrystalimagearea direct representationof dy-

namicalelectrondiffraction intensity. Therefore,many investigationswerecarriedout on the

basisof themeasurementof theequalthicknessfringe intensities[14–21], andthey have con-

tributedto the improvementof thedynamicalelectrondiffractiontheoryandtheevaluationof

thestructurefactorof thecrystals.Theseexperimentswere,however, carriedout on the two-

beamexcitedBraggcondition,andnoton themulti-beamexcitedzoneaxisconditionwhich is

usedin theusualHRTEM work. In a previouspaper, we have reportedthedynamicaldiffrac-

tion intensityprofilesobtainedfrom a GaAsandanInP crystalusinga slow-scanCCD camera

underthe [100] zoneaxis conditionandhave comparedthemwith the calculatedintensities

basedon themulti-slicemethod[22]. Thepaperhaspointedout thatthecalculatedintensities,
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which ignoredthecontribution of inelasticallyscatteredelectronsto theequalthicknessfringe

intensities,agreewith thecorrespondingexperimentalprofilesat thinnerregion than20 nm in

specimenthickness.

Theaimof thepresentstudywasto providereliableandstandardexperimentaldataof zero-

lossfiltered intensityprofilesas well asunfilteredonesof equalthicknessfringes from a Si

crystalasa typicalsimplesubstanceandaMgO crystalasa typical ionic crystalunderthezone

axis condition. Kamiya et al. [20,21] indicatedthat in a small angleregion the contribution

of inelasticallyscatteredelectronsis mainly causedby plasmonexcitation ratherthanphonon

excitation. Measurementof zero-lossfiltered intensityprofilesusinganenergy-filtering TEM

enablesusto cut thecontribution of inelasticallyscatteredelectronsdueto plasmonexcitation

out of the profiles. After comparisonbetweenthe simulatedresultsusinga few programsis

presented,a trial is also shown wherethe simulatedresultsare checkedwith respectto the

obtainedexperimentaldata,usingvariouscrystalpotentials.

Experimental

Si singlecrystals(diamond-type,a � 0� 54307nm) having a 90
�

wedge-shapewereprepared

by cleaving a Si (001)waferalongthe
�
110� planesandweremountedon a specimenholder

for TEM. MgO singlecrystals(NaCl-type,a � 0� 42112nm),having the
�
100� surfaces,were

preparedby burningMg in air andwerecollectedonacarbon-coatedgrid, with holes,for TEM.

Thecrystalorientations,[100] for Si and[11̄0] for MgO, wereexactly adjustedandconfirmed

by Kikuchi linesandby symmetryof theintensitiesof diffractionspots.All imagesweretaken

undertheseaxially illuminatedconditionsatroomtemperature.Theedgeof thespecimenalong

the[001] axishasa90
�

wedge-shapewith the(110)and(1̄10)surfacesfor Si andwith the(100)

and(010)surfacesfor MgO in thesecrystalorientations.Thus,thethicknesst canbederived
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asa functiont � 2x of thedistancex from theedge.

The bright field imagesandthe 022and040 dark field imagesfor Si, andthe bright field

imagesandthe111,002,220,113,222,and004darkfield imagesfor MgO wererecordedat

a directmagnificationof morethan200,000on theimagingplates,whosepixel sizeis 25 µm.

Thedatacantherebybe readout by a spatialresolutionof 0.125nm or lesson thespecimen.

Multi-beamlatticefringeswererecordedunderthesameconditionwithout theobjective aper-

tureandwereusedto calibratethemagnificationof theimages.Theincidentbeamintensitywas

measuredin a vacuumregion outof thecrystalfor thebright field images,andit wasmeasured

afterremoving theobjectiveaperturefor thedarkfield images.Theintensityof theequalthick-

nessfringeswasthennormalizedwith respectto theincidentbeamintensity. Zero-lossfiltered

imageswereobserved with JEM-2010FEF(Cs � 1� 0 mm) andJEM-2010EF(Cs � 3� 3 mm)

TEMs equippedwith anΩ-typeenergy filter. Theacceleratingvoltagewas200kV, andanen-

ergy slit wassetsoasto cutoff inelasticallyscatteredelectronswith energy losslargerthan5 eV.

Unfilteredimageswereobservedwith theabove microscopesanda JEM-2010(Cs � 0� 5 mm)

TEM operatedat200kV.

Themulti-slicesimulationprogramto becheckedby theexperimentaldatais theoneused

in our routineHRTEM work [4]. ScatteringfactorswerecalculatedusingtheDoyleandTurner

expression[7] exceptfor theonefor O2 	 , whichwasusedby Tanji et al. [23]. It wasconfirmed

from multi-slicecalculationthat the imageof theflat crystalrepresentsthecontrastof thepo-

sition with correspondingthicknessin the imageof thewedge-shapedcrystal[24]; therefore,

theflat crystalmodelwasusedfor thecalculation.Eachlayerof themulti-slicecalculationwas

normalto the incidentdirectionandcontainedonly theatomson thesameheightwith respect

to theincidentelectronbeam,i. e., a 
 4 for Si and � a 

� 2��
 2 for MgO wereappliedto theslice

thickness,whoseproprietywascheckedin thepreviouspaper[4]. For reference,calculations
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with two packagedprogramswerealsocarriedout. Oneof themis MacHREM,which is also

basedon themulti-slicemethodoriginally developedby Ishizuka[12,25], andtheotheris the

on-lineversionof EMS [26], which is basedon theBethemethoddevelopedby Stadelmann.

Resultsand discussion

Intensity profilesof equal thicknessfringes

Figure1 showsanexampleof zero-lossfilteredbrightfield TEM imagesof a � 11̄0� MgO crystal,

recordedon animagingplate.Theareasenclosedby rectanglesaresamplingareas,wherethe

intensity wasaveragedover a width of 100 nm along the c axis. The width correspondsto

800 pixels on the imagingplatewhenthe observed magnificationis 200,000. The averaged

intensityof theimagewasthennormalizedto theincidentbeamintensity, whichwasmeasured

in avacuumregionoutof thecrystal.Becauseof quantumnoisein eachpixel of theimage,both

theaveragedintensityandtheincidentbeamintensityhave a standarddeviation to theamount

of several percentsof the intensities. A final intensityprofile wasobtainedby averagingthe

normalizedprofilesof several images.

Thenormalizedintensitiesof theequalthicknessfringesof Si,MgO (zero-lossfiltered)and

MgO (unfiltered)arepresentedin Tables1-3at intervalsof 2 nmin thickness,respectively. The

correspondingintensityprofilesfor Si andMgO areshown in Figs.2 and3, respectively. Since

themagnificationof theimageswascalibratedby thelatticefringeson themulti-beamimages,

theerrorin thespecimenthicknesscausedby inaccuracy of themagnificationis negligible. The

total error in the intensityincluding theabove-mentionedquantumnoiseis indicatedby error

barsin Figs.2 and3atintervalsof 5 nmin thickness.Theprofilesof Si (Fig.2)areinfluencedby

theamorphoussurfacelayer, 1 nm thick, andtheprofilesof the222and004darkfield images

of MgO (Figs. 3f and3g) are influencedby specimendrift. The former wasignoredin this
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measurement,althoughit shouldbeeliminatedin anexperimentalprocedure.Thelattershows

thedifficulty in measuringtheintensityweakerthan1 % with respectto theincidentintensity,

evenif theintensitywasmeasuredusingtheimagingplate.As theincidentbeamis limited up

to about10	 7 A/m2, to avoid irradiationdamage,andthedetectabilityof the imagingplateis

10	 10 C/m2, anexposuretime to recordthe intensityup to 1 % of themaximumintensityfor

suchweakimagesbecomeslongerthan10s,which is too long to avoid specimendrift.

Comparingthe zero-lossfiltered intensity profiles (solid lines in Figs. 2 and3) with the

unfilteredones(dashedlines),it is obviousthatall correspondingprofileshave similar figures.

Theratio of thezero-lossfilteredintensityto theunfilteredintensitytendsto decreasewith in-

creasingthicknesson thewhole,althoughit is notalwaysproportionalto thethicknessbecause

of multiple scatteringin crystal. For example,in the 000 profilesof Si andMgO, the ratio,

which is about90 % at a thicknessof 10 nm, approximatelydecreasesto 70 % and60 % at

thicknessesof 50 nmand90nm,respectively.

Figure2 revealsthat the incidentelectronsto the [100] orientedSi crystalaremostly dis-

tributedto the
�
022� diffractedwavesandthe transmittedwave (or the000 diffractedwave),

accompaniedby decreasein intensitywith increasein thicknessdueto inelasticscattering.On

theotherhand,asshown in Figs.3a-3c,theincidentelectronsto the[11̄0] orientedMgO crystal

aremostly distributedto the transmittedwave andthe
�
111� diffractedwavesaswell asthe

�
002� diffractedwaves.Thefirst peakat23nmandthefourthpeakat88nmof the000profile

shown in Fig. 3a areweakin intensityandit is oneof notablecharacteristicsof the intensity

profilesof MgO asmentionedin thefollowing section.
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Comparisonbetweencalculatedintensities

Priorto thecomparisonbetweentheexperimentalandthecalculatedintensity, calculationshave

beencarriedoutwith threekindsof simulationprograms,i. e., our program(abbreviatedasP1)

andMacHREM(P2)basedonthemulti-slicemethod,andEMSon-line(P3)basedontheBethe

method. P1 andP3 usescatteringfactorsevaluatedusingDoyle andTurner expression[7],

while P2usesscatteringfactorsfrom internationaltables[6]. Thecalculatedintensitiesof the

[100] Si andthe[11̄0] MgO, takingnoaccountof temperatureeffectandinelasticscattering,are

indicatedin Figs.4 and5, respectively. In orderto evaluatethecorrespondenceof thecalculated

intensities,thecorrelationcoefficient r � sab
sa � sb

betweenprofilesa andb wascalculated,where

sa andsb arestandarddeviationsof thetwo profilesa andb, respectively, andsab is covariance

betweenthem. The intensity profiles for the Si are consistentwith eachother as shown in

Figs.4a-4c,andhighcorrelationcoefficientsof r � 0� 996 � 0� 999wereobtainedbetweenthese

intensityprofiles.For theMgO shown in Figs.5a-5g,thereis a smalldiscrepancy betweenthe

profilesandthecorrelationcoefficientdecreasedto 0� 980 � 0� 993.

Resultscalculatedby P1 usingotherscatteringfactors[8] wereslightly differentfrom the

resultsshown in Figs.4 and5. It wasalsoconfirmedby thecalculationswith P1 andP3 that

inadequateparameterssuchasinsufficient numberof excited wavesandlarge slice thickness

give differentresults.Therefore,all thecalculationsmentionedabove werecarriedout under

thesameconditionsasgoodaspossiblewithin thelimit of theprograms.Thesmalldifference,

which appearsbetweenP1 andP2 might be causedby usingdifferentscatteringfactors. The

differencebetweenP1(P2)andP3seemsto becausedby thedifferencein algorithmbetween

themulti-slicemethodandBethemethod,which is not clearat thepresent.Thediscrepancy is,

however, insignificanton thecomparisonwith theexperimentalresults.
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Comparisonbetweenexperimentaland calculatedintensity

Thepositionsof thepeaksin thecalculatedprofilesshown in Figs.4a-4cslightly disagreewith

thosein the experimentalprofilesof Si shown in Fig. 2. The positiondifferencerangesbe-

tween� 2 nmand4 nm. Theintensitiesof thecalculatedprofilesalsodisagreewith thoseof the

zero-lossfiltered experimentalprofiles,becausetemperatureeffect andinelasticscatteringof

electronsareneglectedin thesecalculationsfor theprofiles.The inelasticscatteringdecreases

the total intensityof elasticallyscatteredelectrons[27] andalsocontributesto the imagefor-

mationaswell asthebackground[28]. The formereffect is unavoidableandessentialon the

electronscatteringin crystal,while the latter effect canbe almostremoved using the energy

filter asshown in Figs. 2 and3. To takeaccountof the inelasticscatteringin crystal,a phe-

nomenologicalcalculation,wheretheinelasticscatteringis treatedasanabsorptioneffect,was

carriedout with our multi-slice programP1 by utilizing complex potential[29]. For simpli-

fication, the constantratio of imaginarypart of the complex potential,Vim, to real part, Vre,

varyingfrom 0 % to 10% at intervalsof 1 %, wasusedfor a calculationsimilar to thatusedby

Hashimotoet al. [27]. As shown in Fig. 4d, thediffractionintensityis decreasingwith increas-

ing ratio, Vim
Vre

. In addition,temperaturefactor, B, wasalsovariedfrom 0 nm2 to 1 � 10	 2 nm2

at intervals of 5 � 10	 4 nm2 for each
Vim
Vre

. Thereareno appreciablechangesin the positions

of thepeaksfor all B, while the intensityincreasesfor the000profile andit decreasesfor the

022andthe040profileswith increasingB. Thebestcorrespondencewasobtainedat Vim
Vre

� 4 %

andB � 4� 5 � 10	 3 nm2 with the correlationcoefficient r above 0.95,asshown in Fig. 6. It

is confirmedby this calculationthat B � 4� 5 � 10	 3 nm2, which is the valueof the tempera-

turefactorappearingin internationaltables[30], is themostprobablevalue.Thereciprocalof

meanabsorptioncoefficient estimatedfrom this calculationis 71 nm. Sincethe positionsof

thepeaksin thecalculatedprofilesin Fig. 6 changescarcelywith varyingratio Vim
Vre

asshown in
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Fig.4d,thediscrepancy of thepositionsof thepeakbetweentheexperimentalandthecalculated

profilesstill remainsrangingbetween� 2 nm and4 nm. In this calculation,all of the inelasti-

cally scatteredelectronsareassumedto becut off by theenergy slit andtheobjectiveaperture.

Someof phononscatteredelectrons,however, passthroughthemandcontribute to the image

formation. In addition,the ratio of Vim to Vre dependson the scatteringangle[31], although

theconstantratio obtainedfrom this calculationseemsreasonablecomparingwith theoretical

valuesby Radi [32]. It is preferablefor moreaccuratesimulationto includesucheffectsas

thecontributionof theinelasticallyscattered,survivedelectronsto theimageformationandthe

dependenceof theratio of Vim to Vre on thescatteringangle.

On theotherhand,therearesomedifferencesin shapeaswell asin intensitybetweenthe

zero-lossfilteredexperimentalprofilesof MgO in Fig. 3 andthecalculatedprofilesin Fig. 5a-

5g. For instance,thefirst peakat23nmis weakerthanthesecondoneat45nmin Fig. 3a,while

thestrongestpeakis the third oneandthefirst oneis strongandcomparablewith thesecond

onein Fig. 5a. Thedifferencein the111profilesis alsoremarkable;thesecondpeakat 43 nm

is weakerthanthefirst oneat22 nm in Fig. 3b,while thesecondoneis strongandcomparable

with the first one in Fig. 5b. The discrepancy remainsalthoughthe samephenomenological

calculationsasthat for Si have beencarriedout. Crystalpotentialusedin thesecalculations

wasderived from thescatteringfactorsfor neutralatoms[7]. Then,similar calculationswere

performedusing the crystal potentialsderived from the scatteringfactorsfor Mg2� [7] and

O2	 [23]. Significantchangesappearin the 000 and111 profiles. This reflectsthe fact that

thescatteringfactorsfor ionsaredifferentfrom thosefor neutralatomsin theregion of small

scatteringangle.Theheightsof thepeaksin the000profile calculatedusingtheion scattering

factorsapproachthosein the experimentalprofile in Fig. 3a, asseenin Fig. 5h. For the 111

profile, however, the positionsof somepeaksare shifted, and consequently, the correlation
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coefficient to theexperimentalprofile is worsethanthat for theprofile calculatedwith neutral

atoms.Thatis, thecorrelationcoefficientof the000profile increasesfrom 0.95to 0.97,but that

of the111profile decreasesfrom 0.92to 0.78.

It hasbeenreportedthatMg2� O2 	 is betterthanMg0O0 for calculatingthecrystalpoten-

tial of MgO in comparisonbetweenthecalculatedandmeasuredstructurefactors[33], andthe

recentmolecularorbital calculationsuggeststhat net charge of Mg andO in MgO crystal is

1.83ratherthan2 [34]. In orderto taketheeffect into account,thecalculationwascarriedout

with trial crystalpotentials,Vmix ����� 1 � x � Vneu � xVion � , which werederivedfrom a mixtureof

the scatteringfactorsfor neutralatoms,Vneu, andthosefor ions,Vion. The mixing rateof the

scatteringfactorsfor ions,x, wasvariedfrom 0 % to 100% at intervalsof 5 %, andtheratio

of Vim to Vre wasalsovariedfrom 0 % to 10 % at intervals of 1 % for eachmixed potential.

Both thetemperaturefactors,B, for Mg andO wereassumedto beequalandfixedto 0 nm2 or

3� 0 � 10	 3 nm2 [35]. Thebestcorrelationcoefficientsbetweentheexperimentalandcalculated

profileswereobtainedat B � 3� 0 � 10	 3 nm2, x � 75 % and
Vim
Vre

� 4 %. The corresponding

calculatedprofileswith the zero-lossfiltered experimentalprofiles areshown in Fig. 7. Al-

thougha high correlationcoefficient of r � 0� 997 is obtainedfor the000profile, it seemsthat

thediscrepancy betweenthe experimentalandcalculatedprofilesfor the111 (r � 0� 892) and

002 profiles(r � 0� 863) is serious. In caseof MgO, the positionof the peaksaswell asthe

intensitywasinfluencedby thetemperaturefactor. Thepositionof thepeaksof the002profile

agreedwith theexperimentaloneat B � 0 nm2 ratherthanB � 3� 0 � 10	 3 nm2. The highest

correlationcoefficient for the111profile wasobtainedat x � 65 % and Vim
Vre

� 3 %. Thesere-

sultsmaysuggestthatdifferenttemperaturefactorsfor individual elements,takingaccountof

anisotropicthermalvibration,shouldbetakenin thecalculation;in additionto theothereffects

suchasthecontribution of the inelasticallyscatteredelectronsandthedependenceof theratio
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of Vim to Vre on thescatteringangle,whichwerepointedout in thecaseof Si.

Conclusion

Bright field anddarkfield TEM imagesof both 90
�

wedge-shapedSi andMgO crystalswere

recordedon imagingplatesunderthezone-axisincidencecondition.Intensityprofilesobtained

from zero-lossfilteredandunfilteredequalthicknessfringesarepresentedfor the000,022,and

040 reflectionsof [100] Si and for the 000, 111, 002, 220, 113, 222, and004 reflectionsof

[11̄0] MgO. Contributionof inelasticallyscatteredelectronsexceptfor phononexcitationto the

imagesis shown by comparingbetweenzero-lossfilteredandunfilteredintensityprofiles.

It hasbeenrevealedthattheresults,whichwerecalculatedwith a few simulationprograms

written in thebasedon themulti-slicemethodor theBethemethod,arealmostcoincidentwith

eachother. Then,comparisonbetweentheexperimentalprofilesandthecalculatedprofileswas

carriedout. In the calculationsfor Si taking no accountof inelasticscattering,the position

of peaksalmostagreeswith the experimentalone but the intensity of them disagrees.The

agreementimprovesto 0.95in correlationcoefficientby introducingacomplex potentialof � 1 �
0� 04i � Vre anda temperaturefactorof B � 4� 5 � 10	 3 nm2 in thecalculation.For MgO crystal,

thecalculationassumingneutralatomscouldnot accountfor theexperimentalresult,giving a

pooragreementin thepositionaswell astheintensityof peaks.Theagreementimprovedwhen

thecalculationwasperformedusingthecomplex potential,takingaccountof a mixtureof the

bothscatteringfactorsfor neutralatomsandions.
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Appendix

It hasbeenrevealedthatbettercorrelationcoefficientswereobtainedat x � 100% (and
Vim
Vre

�

4 %) whenanotherexpressionof structurefactorfor Mg2� andO2 	 ions[36] wereappliedto

thecalculation.It seemsthattheexpressionreflectswell thestructurefactorfor Mg2� andO2 	

ionsin MgO crystal.
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Figurecaptions

Fig. 1 A zero-lossfilteredbright field TEM imageof � 11̄0� MgO crystalhaving a 90
�

wedge

shape,recordedonanimagingplate.Theintensityin theareasenclosedby rectangleswas

averagedover alongthec axis.

Fig. 2 Dependenceof diffractionintensityoncrystalthicknessfor � 100� Si crystalaxially

illuminatedby a200keV electronbeam.Theintensityis normalizedwith respectto the

incidentbeamintensity. (a-c)Intensityprofilesof brightfield, 022darkfield and040darkfield

with (solid line) andwithout (dashed)anenergy slit of � 5 eV in width, respectively.

Fig. 3 Dependenceof diffractionintensityoncrystalthickness,for � 11̄0� MgO crystalaxially

illuminatedby a200keV electronbeam.Theintensityis normalizedwith respectto the

incidentbeamintensity. (a-g)Intensityprofilesof bright field, and111,002,220,113,222,

and004darkfieldswith (solid line) andwithout (dashed)anenergy slit of � 5 eV in width,

respectively.

Fig. 4 (a-c)Diffractionintensitiesfor 000,022,and040of Si, calculatedwith programsP1

(solid line) andP2(dashed)basedon themulti-slicemethodandprogramP3(dotted)basedon

theBethemethod,respectively. (d) Dependenceof diffractionintensityon theratio of Vim to

Vre. Dif fractionintensitiesfor 000of Si calculatedwith P1,for theratio,Vim 
 Vre, varyingfrom

0 % to 5 % at intervalsof 1 %, areindicated.

Fig. 5 (a-g)Diffractionintensitiesfor 000,111,002,220,113,222,and004of MgO,

calculatedwith programsP1(solid line), P2(dashed)andP3(dotted),respectively.

(h) Diffractionintensitiesfor 000of MgO calculatedwith P1,usingscatteringfactorsfor

neutralatomsandions.
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Fig. 6 (a) Dependenceof thecorrelationcoefficientbetweentheexperimentalandcalculated

intensityprofilesfor Si, on theratioof Vim to Vre. (b-d)Experimentalintensityprofiles(solid

line) shown in Fig. 2 andcalculatedintensityprofiles(dashed),for 000,022,and040of Si,

respectively, atVim 
 Vre � 4 % andB � 4� 5 � 10	 3 nm2. Thecorrelationcoefficientsbetween

theprofiles,r, areindicated.

Fig. 7 (a-g)Experimentalintensityprofiles(solid line) shown in Fig. 3 andcalculated

intensityprofiles(dashed)bestmatchingwith theexperimentalones(seetext), for 000,111,

002,220,113,222,and004of MgO, respectively. Thecorrelationcoefficients,r, arealso

indicated.
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Table 1 Normalizedintensityof equalthicknessfringesin both zero-lossfiltered imagesand

unfilteredimagesof Si, for thebright field of 000andthedarkfieldsof 022and040.

Crystal Normalized intensity
thickness Zero-loss filtered Unfiltered

t [nm] 000 022 040 000 022 040
0 9.21E-01 1.50E-03 6.21E-04 9.64E-01 3.22E-03 9.32E-04
2 8.90E-01 4.46E-03 1.35E-03 9.37E-01 7.96E-03 1.88E-03
4 8.25E-01 1.39E-02 4.11E-03 8.78E-01 1.94E-02 4.99E-03
6 7.30E-01 2.79E-02 7.57E-03 7.89E-01 3.61E-02 8.69E-03
8 6.19E-01 4.50E-02 9.73E-03 6.77E-01 5.57E-02 1.11E-02
10 5.08E-01 6.21E-02 9.50E-03 5.65E-01 7.54E-02 1.10E-02
12 4.12E-01 7.68E-02 8.43E-03 4.68E-01 9.11E-02 1.04E-02
14 3.40E-01 8.46E-02 7.99E-03 3.97E-01 1.01E-01 1.04E-02
16 2.99E-01 8.45E-02 8.60E-03 3.59E-01 9.96E-02 1.14E-02
18 2.93E-01 7.58E-02 1.00E-02 3.58E-01 9.03E-02 1.28E-02
20 3.18E-01 6.25E-02 1.11E-02 3.93E-01 7.52E-02 1.36E-02
22 3.70E-01 4.76E-02 1.05E-02 4.58E-01 5.89E-02 1.28E-02
24 4.34E-01 3.29E-02 8.06E-03 5.36E-01 4.23E-02 1.01E-02
26 4.99E-01 2.00E-02 4.79E-03 6.15E-01 2.81E-02 6.80E-03
28 5.50E-01 1.12E-02 2.69E-03 6.79E-01 1.81E-02 4.61E-03
30 5.78E-01 6.63E-03 2.15E-03 7.17E-01 1.32E-02 4.01E-03
32 5.76E-01 7.28E-03 2.72E-03 7.21E-01 1.46E-02 4.53E-03
34 5.49E-01 1.34E-02 3.58E-03 6.94E-01 2.23E-02 5.51E-03
36 5.02E-01 2.35E-02 4.09E-03 6.41E-01 3.46E-02 6.20E-03
38 4.39E-01 3.56E-02 4.36E-03 5.69E-01 4.97E-02 6.75E-03
40 3.69E-01 4.71E-02 5.24E-03 4.90E-01 6.39E-02 7.93E-03
42 3.03E-01 5.52E-02 7.03E-03 4.12E-01 7.46E-02 9.97E-03
44 2.47E-01 5.86E-02 9.37E-03 3.47E-01 7.96E-02 1.23E-02
46 2.08E-01 5.77E-02 1.10E-02 3.02E-01 7.96E-02 1.43E-02
48 1.94E-01 5.30E-02 1.11E-02 2.87E-01 7.45E-02 1.54E-02
50 2.00E-01 4.57E-02 9.91E-03 2.99E-01 6.67E-02 1.45E-02
52 2.27E-01 3.71E-02 7.62E-03 3.35E-01 5.64E-02 1.24E-02
54 2.65E-01 2.74E-02 5.15E-03 3.86E-01 4.46E-02 9.78E-03
56 3.06E-01 1.83E-02 3.62E-03 4.44E-01 3.33E-02 7.86E-03
58 3.45E-01 1.13E-02 3.19E-03 4.97E-01 2.42E-02 6.91E-03
60 3.70E-01 7.32E-03 3.13E-03 5.36E-01 1.92E-02 6.43E-03
62 3.81E-01 7.26E-03 2.97E-03 5.57E-01 1.88E-02 6.06E-03
64 3.76E-01 1.03E-02 2.70E-03 5.55E-01 2.27E-02 5.72E-03
66 3.54E-01 1.52E-02 2.65E-03 5.31E-01 2.93E-02 5.75E-03
68 3.18E-01 2.07E-02 3.45E-03 4.87E-01 3.68E-02 6.77E-03
70 2.75E-01 2.58E-02 5.15E-03 4.31E-01 4.39E-02 8.74E-03
72 2.28E-01 2.97E-02 6.80E-03 3.68E-01 4.97E-02 1.10E-02
74 1.86E-01 3.21E-02 7.76E-03 3.12E-01 5.40E-02 1.26E-02
76 1.53E-01 3.34E-02 7.67E-03 2.67E-01 5.65E-02 1.29E-02
78 1.34E-01 3.30E-02 6.69E-03 2.41E-01 5.68E-02 1.22E-02
80 1.30E-01 3.05E-02 5.41E-03 2.36E-01 5.39E-02 1.10E-02
82 1.40E-01 2.59E-02 4.57E-03 2.49E-01 4.81E-02 1.00E-02
84 1.61E-01 2.02E-02 4.35E-03 2.80E-01 4.07E-02 9.51E-03
86 1.87E-01 1.46E-02 4.39E-03 3.19E-01 3.29E-02 9.19E-03
88 2.14E-01 9.81E-03 4.10E-03 3.62E-01 2.63E-02 8.75E-03
90 2.38E-01 6.75E-03 3.38E-03 4.00E-01 2.19E-02 8.06E-03
92 2.52E-01 5.44E-03 2.70E-03 4.28E-01 1.97E-02 7.33E-03
94 2.56E-01 5.70E-03 2.45E-03 4.39E-01 1.97E-02 6.93E-03
96 2.48E-01 7.22E-03 2.92E-03 4.30E-01 2.17E-02 7.23E-03
98 2.29E-01 9.69E-03 3.82E-03 4.06E-01 2.52E-02 8.23E-03
100 2.01E-01 1.30E-02 4.66E-03 3.66E-01 3.00E-02 9.33E-03
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Table 2 Normalizedintensityof equalthicknessfringesin zero-lossfiltered imagesof MgO,

for thebrightfield of 000andthedarkfieldsof 111,002,220,113,222,and004.

Crystal Normalized intensity
thickness Zero-loss filtered

t [nm] 000 111 002 220 113 222 004
0 9.86E-01 5.34E-04 2.42E-03 8.81E-04 3.89E-04 3.22E-04 8.54E-04
2 9.01E-01 1.42E-03 1.01E-02 5.49E-03 8.22E-04 1.80E-03 2.60E-03
4 7.76E-01 3.34E-03 2.80E-02 1.50E-02 1.52E-03 6.09E-03 3.52E-03
6 6.04E-01 7.07E-03 6.14E-02 2.59E-02 2.40E-03 7.88E-03 3.34E-03
8 4.12E-01 1.31E-02 1.05E-01 3.09E-02 3.19E-03 6.09E-03 3.43E-03
10 2.58E-01 2.29E-02 1.51E-01 2.78E-02 3.47E-03 4.13E-03 5.16E-03
12 1.37E-01 3.71E-02 1.82E-01 1.89E-02 3.32E-03 5.52E-03 6.41E-03
14 7.46E-02 5.23E-02 1.88E-01 1.00E-02 3.38E-03 8.69E-03 5.43E-03
16 6.70E-02 6.94E-02 1.63E-01 7.32E-03 4.09E-03 8.35E-03 4.02E-03
18 9.17E-02 8.12E-02 1.24E-01 1.02E-02 5.14E-03 5.78E-03 3.42E-03
20 1.26E-01 8.94E-02 8.41E-02 1.22E-02 5.94E-03 3.73E-03 2.94E-03
22 1.46E-01 9.27E-02 5.70E-02 1.07E-02 5.86E-03 3.02E-03 2.24E-03
24 1.46E-01 9.00E-02 4.93E-02 7.11E-03 5.09E-03 2.24E-03 1.88E-03
26 1.28E-01 8.22E-02 5.67E-02 5.18E-03 5.06E-03 2.31E-03 1.89E-03
28 9.95E-02 6.89E-02 7.26E-02 6.41E-03 5.88E-03 3.52E-03 1.91E-03
30 7.32E-02 5.52E-02 8.78E-02 9.74E-03 6.88E-03 3.93E-03 2.04E-03
32 6.04E-02 4.24E-02 9.51E-02 1.30E-02 7.09E-03 2.38E-03 2.42E-03
34 6.92E-02 3.42E-02 9.15E-02 1.43E-02 6.57E-03 1.51E-03 2.81E-03
36 1.01E-01 3.29E-02 7.65E-02 1.27E-02 5.77E-03 3.20E-03 2.73E-03
38 1.51E-01 3.76E-02 5.41E-02 8.41E-03 5.22E-03 5.36E-03 2.32E-03
40 2.04E-01 4.36E-02 3.55E-02 4.66E-03 4.62E-03 4.53E-03 1.80E-03
42 2.47E-01 4.89E-02 3.15E-02 3.87E-03 3.89E-03 2.39E-03 1.43E-03
44 2.69E-01 4.94E-02 4.52E-02 5.82E-03 3.15E-03 1.81E-03 1.47E-03
46 2.65E-01 4.54E-02 6.92E-02 7.54E-03 2.61E-03 1.95E-03 1.82E-03
48 2.38E-01 3.74E-02 9.55E-02 6.94E-03 2.27E-03 2.05E-03 2.16E-03
50 1.97E-01 2.90E-02 1.15E-01 5.05E-03 1.95E-03 3.44E-03 2.66E-03
52 1.50E-01 2.12E-02 1.19E-01 4.41E-03 1.70E-03 5.59E-03 3.63E-03
54 1.06E-01 1.54E-02 1.11E-01 7.34E-03 1.52E-03 5.95E-03 4.56E-03
56 7.89E-02 1.23E-02 9.23E-02 1.20E-02 1.45E-03 3.89E-03 4.42E-03
58 7.13E-02 1.15E-02 7.08E-02 1.59E-02 1.42E-03 2.99E-03 3.55E-03
60 8.47E-02 1.18E-02 4.85E-02 1.62E-02 1.41E-03 4.81E-03 2.95E-03
62 1.15E-01 1.18E-02 3.05E-02 1.35E-02 1.48E-03 7.09E-03 2.87E-03
64 1.53E-01 1.06E-02 1.97E-02 8.94E-03 1.62E-03 5.75E-03 2.58E-03
66 1.87E-01 8.02E-03 1.77E-02 5.55E-03 1.74E-03 3.09E-03 2.10E-03
68 2.07E-01 5.01E-03 2.31E-02 4.39E-03 1.81E-03 1.89E-03 1.77E-03
70 2.08E-01 3.59E-03 3.29E-02 5.43E-03 1.98E-03 2.15E-03 1.64E-03
72 1.91E-01 5.10E-03 3.97E-02 7.07E-03 2.51E-03 2.17E-03 1.56E-03
74 1.61E-01 1.03E-02 4.24E-02 7.74E-03 3.28E-03 1.82E-03 1.67E-03
76 1.26E-01 1.87E-02 4.13E-02 6.87E-03 3.84E-03 2.11E-03 2.12E-03
78 9.33E-02 2.85E-02 3.73E-02 5.05E-03 3.84E-03 2.85E-03 2.44E-03
80 6.91E-02 3.87E-02 3.24E-02 3.82E-03 3.41E-03 3.00E-03 2.29E-03
82 5.51E-02 4.61E-02 2.84E-02 4.24E-03 3.07E-03 2.40E-03 1.86E-03
84 5.02E-02 4.99E-02 2.70E-02 5.48E-03 3.10E-03 2.08E-03 1.56E-03
86 5.10E-02 5.03E-02 2.84E-02 6.22E-03 3.44E-03 2.22E-03 1.47E-03
88 5.26E-02 4.64E-02 3.30E-02 5.82E-03 3.63E-03 2.54E-03 1.59E-03
90 5.24E-02 3.87E-02 3.91E-02 4.92E-03 3.23E-03 2.84E-03 1.80E-03
92 4.85E-02 2.98E-02 4.40E-02 4.57E-03 2.50E-03 3.24E-03 1.92E-03
94 4.22E-02 2.08E-02 4.61E-02 5.16E-03 1.99E-03 3.41E-03 1.95E-03
96 3.65E-02 1.33E-02 4.43E-02 6.01E-03 1.95E-03 2.88E-03 2.01E-03
98 3.38E-02 8.33E-03 3.82E-02 6.66E-03 2.22E-03 1.99E-03 2.06E-03
100 3.72E-02 5.68E-03 2.88E-02 6.45E-03 2.30E-03 1.83E-03 1.99E-03
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Table 3 Normalizedintensityof equalthicknessfringesin unfilteredimagesof MgO, for the

brightfield of 000andthedarkfieldsof 111,002,220,113,222,and004.

Crystal Normalized intensity
thickness Unfiltered

t [nm] 000 111 002 220 113 222 004
0 9.87E-01 2.14E-03 1.12E-03 1.65E-03 1.00E-03 9.33E-04 9.96E-04
2 9.16E-01 3.60E-03 1.04E-02 6.31E-03 1.68E-03 2.92E-03 3.74E-03
4 8.00E-01 6.41E-03 3.30E-02 1.66E-02 2.68E-03 7.08E-03 5.27E-03
6 6.36E-01 1.15E-02 7.58E-02 2.79E-02 3.94E-03 8.64E-03 5.01E-03
8 4.48E-01 1.99E-02 1.34E-01 3.41E-02 5.02E-03 6.66E-03 4.87E-03
10 2.86E-01 3.32E-02 1.91E-01 3.09E-02 5.51E-03 5.24E-03 7.58E-03
12 1.56E-01 5.20E-02 2.32E-01 2.20E-02 5.47E-03 6.78E-03 9.96E-03
14 8.27E-02 7.27E-02 2.33E-01 1.30E-02 5.62E-03 9.72E-03 9.02E-03
16 7.19E-02 9.51E-02 2.01E-01 9.82E-03 6.67E-03 8.98E-03 6.80E-03
18 9.73E-02 1.11E-01 1.50E-01 1.32E-02 8.39E-03 6.47E-03 5.85E-03
20 1.35E-01 1.22E-01 9.99E-02 1.50E-02 9.71E-03 4.65E-03 5.13E-03
22 1.57E-01 1.26E-01 7.18E-02 1.32E-02 9.58E-03 4.02E-03 4.14E-03
24 1.58E-01 1.22E-01 6.87E-02 9.56E-03 8.88E-03 3.48E-03 3.70E-03
26 1.40E-01 1.11E-01 8.36E-02 7.77E-03 8.86E-03 3.73E-03 3.91E-03
28 1.12E-01 9.47E-02 1.09E-01 9.33E-03 9.80E-03 5.06E-03 4.11E-03
30 8.50E-02 7.79E-02 1.32E-01 1.30E-02 1.10E-02 5.44E-03 4.25E-03
32 7.21E-02 6.32E-02 1.39E-01 1.66E-02 1.16E-02 4.00E-03 5.12E-03
34 8.20E-02 5.45E-02 1.35E-01 1.80E-02 1.11E-02 3.36E-03 6.24E-03
36 1.18E-01 5.42E-02 1.11E-01 1.63E-02 1.01E-02 5.20E-03 6.32E-03
38 1.78E-01 6.11E-02 7.95E-02 1.20E-02 9.48E-03 7.28E-03 5.39E-03
40 2.47E-01 7.01E-02 5.54E-02 8.63E-03 8.78E-03 6.29E-03 4.32E-03
42 3.11E-01 7.68E-02 5.37E-02 8.46E-03 7.78E-03 4.37E-03 3.67E-03
44 3.49E-01 7.73E-02 7.68E-02 1.09E-02 6.73E-03 4.07E-03 3.81E-03
46 3.56E-01 7.11E-02 1.16E-01 1.26E-02 5.98E-03 4.40E-03 4.45E-03
48 3.30E-01 6.04E-02 1.58E-01 1.20E-02 5.59E-03 4.62E-03 5.36E-03
50 2.77E-01 4.84E-02 1.91E-01 1.01E-02 5.24E-03 5.75E-03 6.59E-03
52 2.14E-01 3.80E-02 2.05E-01 9.90E-03 4.97E-03 7.83E-03 8.70E-03
54 1.51E-01 3.03E-02 1.96E-01 1.33E-02 4.81E-03 8.42E-03 1.07E-02
56 1.09E-01 2.61E-02 1.70E-01 1.80E-02 4.75E-03 6.67E-03 1.06E-02
58 9.30E-02 2.48E-02 1.29E-01 2.16E-02 4.74E-03 5.99E-03 9.00E-03
60 1.07E-01 2.46E-02 8.77E-02 2.22E-02 4.76E-03 7.66E-03 7.97E-03
62 1.47E-01 2.43E-02 5.66E-02 1.96E-02 4.87E-03 9.92E-03 8.09E-03
64 2.01E-01 2.28E-02 4.14E-02 1.53E-02 5.16E-03 8.61E-03 7.62E-03
66 2.51E-01 2.04E-02 4.17E-02 1.24E-02 5.57E-03 6.13E-03 6.43E-03
68 2.82E-01 1.83E-02 5.36E-02 1.18E-02 6.04E-03 5.01E-03 5.57E-03
70 2.88E-01 1.91E-02 6.87E-02 1.30E-02 6.53E-03 5.27E-03 5.37E-03
72 2.69E-01 2.46E-02 8.14E-02 1.45E-02 7.33E-03 5.33E-03 5.25E-03
74 2.30E-01 3.51E-02 8.73E-02 1.47E-02 8.40E-03 4.96E-03 5.24E-03
76 1.85E-01 4.93E-02 8.52E-02 1.34E-02 9.52E-03 5.10E-03 5.96E-03
78 1.43E-01 6.45E-02 7.74E-02 1.17E-02 1.01E-02 5.81E-03 6.95E-03
80 1.10E-01 7.83E-02 6.84E-02 1.07E-02 9.97E-03 6.07E-03 6.91E-03
82 9.13E-02 8.76E-02 6.00E-02 1.11E-02 9.63E-03 5.74E-03 6.00E-03
84 8.42E-02 9.10E-02 5.64E-02 1.23E-02 9.48E-03 5.50E-03 5.41E-03
86 8.45E-02 8.89E-02 5.89E-02 1.30E-02 9.61E-03 5.67E-03 5.45E-03
88 8.73E-02 8.21E-02 6.50E-02 1.28E-02 9.72E-03 5.92E-03 5.81E-03
90 8.79E-02 7.15E-02 7.34E-02 1.21E-02 9.28E-03 6.25E-03 6.24E-03
92 8.39E-02 5.98E-02 8.18E-02 1.18E-02 8.40E-03 6.66E-03 6.61E-03
94 7.59E-02 4.83E-02 8.84E-02 1.24E-02 7.66E-03 6.92E-03 6.60E-03
96 6.78E-02 3.90E-02 9.17E-02 1.36E-02 7.25E-03 6.72E-03 6.35E-03
98 6.26E-02 3.25E-02 8.75E-02 1.42E-02 7.19E-03 6.04E-03 6.54E-03
100 6.52E-02 2.86E-02 7.70E-02 1.40E-02 7.16E-03 5.76E-03 7.13E-03
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Fig. 1 Koji Nishio et al.
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Fig. 2 Koji Nishio et al.
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Fig. 3 Koji Nishio et al.
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Fig. 4 Koji Nishio et al.
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Fig. 6 Koji Nishio et al.
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Fig. 7 Koji Nishio et al.


