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In thispaperesultsof acharacterizatioof thesurfacesof ZnTe epitaxialthin Ims exhibiting

the differentthicknessesre presented The resultsmentionedare obtainedusingthe proce-
duresenablingusto determinethe valuesof the following quantities:meangrain size,grain
sizedistribution, root—-mearsquarevaluesof the heightsof theirregularitiesandthe diagram
describinghedistribution of thedirectionsof thenormals.For theanalysisof thegrainstruc-
tureawatershedlgorithmis used.lt is shavn thatthe valuesof thesequantitiescandescribe
the morphologyof the ZnTe Im surfacesin a sufcient way. Further it is shovn thatthe
structureof the surfacesof theZnTe Ims exhibit facetsforming agrainstructure Moreover,

it is presentedhattheZnTe Im surfacesexhibit a strongslopeanisotroy andthatthelinear
dimensionf thegrainsincreaseawith increasingraluesof thethicknessesf theZnTe Ims.

PACS: 68.37.Ps68.35.Ct

1 Intr oduction

Atomic force microscoly (AFM) is a very usefultool for investigatingthe surfaces(the upper
boundariespf thin solid Ims. Thistechniquehasbeenusedto studya structureof surfacesof
Ims preparedy differenttechnologiesFor example AFM hasbeeremployedfor analyzinghe
roughnes$l-3], grainstructuref4] andfractalpropertied5, 6] of thethin Im surfaces.Further
it hasbeenemployedfor thethin Ims formedby differentmaterialse.g. the Ims formedby
singlecrystalof semiconductors;olumnar Ims formedby dielectrics,polycrystalline Ims of
metalsetc. In this papera grain structureof the ZnTe epitaxial Im surfaceswill be studied.
In our earlierinvestigation,we have namelyfound that the surfacesof these Ims exhibited a
relatively complicatedstructurethatcanbeunderstoodisacertainkind of thegrainstructurd7].
Thegrainstructureof theZnTe Ims exhibitsapronouncednisotropy, i. e. in differentdirections
within the meanplaneof the surfaceshe one—dimensionalistribution of the slopesis different.
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Fig. 1. Grainidenti cation: A, shadedAFM imageof theZnTe sampleNo. 5, B, mapof thegrainsidenti ed
usingthe heightthresholdalgorithm(grainsaremarked by white), C, mapof the grainsidenti ed usingthe
secondlerivative thresholdalgorithm,D, mapof thegrainsidenti ed usingthewatershedlgorithm(before
thealgorithm nished segmentatiorof image).

However, so far no detailedattentionhasbeendevotedto this effect and our resultsare rst
ones. Therefore the procedure®f analyzingthe forms and dimensionsof the grainstogether
with resultsobtainedusingthemwill be presented Moreover, the mentionedanisotropy of the
sampleswill bestudiedin detail.

2 Experimental arrangement

The epitaxial Ims of ZnTe were preparedby molecularbeamepitaxy (MBE) on (100) GaAs
single crystal substrates.The temperaturef the substratesvasof 300 C. The ux of Zn and
Te atomswas monitoredwith a referencegauge placedcloseto the sampleholder The beam
equialentpressurdor Zn andTe was1-2 Torr and4-16 Torr, respectiely. The
growth ratewas betweend—8 nm/min. We investigated ve samplesof the ZnTe epitaxialthin
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Ims characterizewvith thedifferentvaluesof thethicknessegsampledNos.1-5). Thevaluesof
thesethicknessesvereasfollows: nm (No. 1), nm (No. 2), nm
(No. 3), nm (No. 4), nm (No. 5). The valuesof the thicknessesvere
determinedisingopticalmeasurements.

For the analysisof the ZnTe Ims the commercialapparatug hermoMicroscopegxplorer
was used. Both contactand non-contactmodeswere usedfor the measurementsBoth the
standarcdtontact(ape ratio 1:2,apex curvature  20nm)andnon-contac{apex ratio 1:10,ap&
cunature 10nm)tipswereutilized.

3 Dataprocessing

In Fig. lathe AFM imageof the part of the surfaceof the chosenznTe Im (sampleNo. 5) is
introduced Fromthis gure onecanseethatthestructureof this samplecorrespond$o asystem
of facetsforming the objectsresemblingthe grain structure. Thereforethe following analysis
of the structureof the ZnTe Im surfaceswill be performedunderassumptiorthatthe objects
mentionedabove are identical with certaingrains. This opinionis supportedby the fact that
theZnTe epitaxial Ims exhibit in their volumesa mosaicstructureformedby a network of low
angledislocationg8]. Thus,asa rst approximation,t is possibleto believe thatin the ZnTe
Im surfacessomegrainscorrespondingo the mosaicblockstake place. It shouldbe noted
that the aim of this work hasnot consistedn the study of a relationshipbetweenthe mosaic
structureon the one handandthe grainsobsered on the otherhand. Our main aim consists
in nding efcient proceduregnablingusto carry out a completeanalysisof this kind of the
surfacestructureof ZnTe Ims usingAFM.
For theanalysismentionedve examinedthefollowing procedures:

1. grainanalysisby boththe heightandsecondierivative thresholding,
2. graintopsidenti cation by modi ed watershedlgorithm,

3. determinatiorof thegraingeometryusingwatershedlgorithm,

4. meangrainsizeandgrainsizedistribution evaluation,
5

. procedurdor creatingadiagramdescribinghedistribution of thedirectionsof thenormals
to theboundaries,

6. procedurdor evaluatingthe root meansquarevalueof the heights.

The rst four itemsare connectedvith the grain propertiesof the surface,the last oneis con-
nectedwith theslopesof thefacetsforming the grains.In thefollowing thealgorithmsusedwill
bediscussedbrie y.

The grain analysisby the heightthresholdingis the simplestand mostly usedmethodfor
determinationof grain positionsand volumes. The algorithmis basedon selectinga height
thresholdvalue (usuallyat the value of the meanplaneof the surface). The partsof the surface
thatareabove this valuearedenotedasgrains,the partsthatarebelow the thresholdaredenoted
aspores. Thenthe grain statisticalpropertieggrain meansize, grain sizedistribution etc.) can
beevaluated.Thisalgorithmis sufcient oneto describehegrainpropertief isolatedparticles
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Fig. 2. Grainidenti cation by the watershedalgo- Fig. 3. Watershedalgorithm image sggmentation
rithm (rst stepof the algorithm): A, waterdrop (secondstepof the algorithm): the numbersdenote
stopsin thelocalminimumand lls it by its volume, particlesin four possiblemodelpositions(seetext).
B, when the small local minimum is lled, other

dropscanpasshroughit to alargerlocal minimum.

depositedbn the planarsurface[4]. However, for morecomplicatedgrain—like structureqe.g.
thecolumnarstructure®f metalsformedby vacuumevaporation)t fails. Theresultsof thegrain
analysisof theZnTe epitaxial Ims by meansof this algorithmareplottedin the Fig. 1b. We can
seethatthe grainsarenotidenti ed properly: on onesidemary of thelargergrainsarememged
togethemon theothersidethe smallgrainsarenotfoundatall.

Thegrainanalysidy theseconderivativethresholdings amodi cation of theheightthresh-
olding method.Herethe Laplacianof Gaussianlter is appliedonthedata.At eachpointin the
arrayresultingfrom this Itering the valueis thresholdedagain. In the ideal casethis method
shouldclearlyidentify thetopsof the grainsastheir curvatureis differentfrom the curvatureof
the pores. However, it is clearthatthis methodis very sensitve to noise. The Gaussianlter -
ing embeddednto the Laplacianof Gaussianlter is not sufcient to eliminateall the noisein
the AFM data. Thereforeonemustapply somestrong ltering to denoisethe AFM datawhich
canleadto loss of informationaboutgrains. The grainsidenti ed by this methodare plotted
in the Fig. 1c. We canseethatthe resultsare betterthanthe resultsobtainedusingthe height
thresholdingalgorithmbut still insufcient for our purposes.

The watershedalgorithmis usually employed for local minima determinationand image
segmentatiorin imageprocessing9, 10]. As the problemof determiningthe grainpositionscan
beunderstoodisthe problemof nding local extremesonthe surfacewe usedthis algorithmfor
our purposesFor conveniencen thefollowing we will treatthe datainvertedin the direction
while describingthe algorithm (i. e. the graintopsare forming local minimain the following
text). We appliedtwo stageof thegrainanalysis:

1. At eachpointof theinvertedsurfacethevirtual waterdropwasplaced.In thecasethatthe
dropwasnotalreadyin alocalminimumit followedthe steepestiescenpathto minimize
its potentialenegy. As soonasthe dropreachedary local minimumit stoppedhereand
restedon the surface.In thisway it lled thelocal minimum partially by its volume (see
Fig. 2 andthe gure caption). This processwas repeatedseveral times. As the result
a systemof lakesof differentsizes lling the invertedsurfacedepressionsvasobtained.
Thenthe areaof eachof the lakes was evaluatedand the smallestlakes were removed
underassumptiorthat they wereformedin the local minima originatedby noise. The
largerlakeswere usedto identify the positionsof the grains. In this way the noisein the
AFM datawaseliminated.
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Fig. 4. Partsof theimagesof all the ZnTe Ims studied(right side)togetherwith the mapsof the grains
(white—identi ed grains black—grainboundaries).

2. Thegrainsfoundin the stepl weremarked (eachoneby a differentnumber). The water
dropscontinuedin falling to the surfaceand lling thelocal minima. As the grainswere
alreadyidenti ed andmarked afterthe rst step,thenext ve situationscould happeras
soonasthedropreachedalocal minimum (seeFig. 3):

the drop reachedhe placepreviously marked asa concretegrain. In this casethe
dropwasmemedwith the grain (i. e. it wasmarked asa partof the samegrain, see
Fig. 3— particleNo. 1),

thedropreachedhe placewhereno grainwasfoundbut a concretegrainwasfound

in the closestneighborhoodf the drop. In this casethe drop wasmemgedwith the
grainagain(seeFig. 3— particleNo. 2),
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Fig. 5. Distribution functionsof the grainradii for Fig. 6. Diagramof the distribution of the normal

theZnTe sampledNos. 2-5. component®f the surfacecorrespondingo sample
No. 5 (the scaleof the gure correspondso the in-
tenal from to 18 degrees).

thedropreachedhe placewhereno grainwasfoundandno grainwasfoundevenin
theclosesneighborhooaf thedrop. In thatcasethedropwasnotmarkedatall (see
Fig. 3— particleNo. 3),

the drop reachedhe placewhereno grain was found but more than one concrete
grainwasfoundin the closestneighborhoode.g. two differentgrainswerefound
in the neighborhood) In this casethe drop was marked asthe grain boundary(see
Fig. 3— particleNo. 4),

the drop reachedthe place marked as grain boundary In this casethe drop was
markedasthegrainboundarytoo.

After lling all thedepressiong/e obtainedamaskof thegrainboundarieshatdetermined
thegrainpositionsandsizes.

In this way we canidentify the grain positionsandthendeterminethe volume occupiedby
eachgrainseparatelyIn Fig. 1d the grainsidenti ed for the ZnTe sampleNo. 5 (after rst few
iterationsof the secondstepof the watershedalgorithm)areplotted. As aresultof the nished
watershedlgorithmwe obtaintheimagesegmentednto thegrains(seeFig. 4). It canbeclearly
seerthattheresultsaremuchbetterthantheresultsof the othertwo methods.Thereforefor the
evaluationof the statisticalpropertiesof the grain structurewe usedthe watershedalgorithmin
thiswork.

The meangrain sizewasdeterminedasfollows: a family of the grainswasselected.Then
the areaoccupiedby every grainwasevaluated. A nominalcircle having the sameareaasthe
grainwasassignedo this grain. The radiusof this nominalcircle wasconsideredo bethesize
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SampleNo. d[nm] [nm] grainradius[nm]
1 10.758 0.021| 0.79 0.05 —
2 96.875 0.026| 1.51 0.05 95 5
3 311.058 0.037| 4.23 0.07 119 4
4 387.728 0.033| 5.95 0.10 209 3
5 797.596 0.040| 13.22 0.15 297 3

Tah 1. Thevaluesof the Im thicknessesRMS valuesof the heights andgrain radii for the samples
studied.

of the grainselected.The meanvalue calculatedon the basisof all the grain sizesrepresented
this meangrain size. The family of the valuesof the sizeof all the grainsselectedepresented
thegrainsizedistribution.

The diagramdescribingthe distribution of the directionsof the normalswasobtainedin the
following way: At eachpoint of the AFM scanthe normal componentdo the surfacewere
calculated.This componentsleterminednepointin the planeof thediagram.In this pointthe
valuewasincrementedy numberone. Thenthe total numberof theincrementsn the chosen
pointin the planeof thediagramrepresentethe numberof the datapointsexhibiting thechosen
valuesof the normalcomponents.A normalizationof the numbersin the diagramwas nally
performed.

Theroot-mearsquarevalueof the heights(RMS roughnessjvasevaluatedby meansof the
formulapresentedn Ref. 2.

4 Resultsand discussion

In Fig. 4the AFM imagesof thepartsof the veZnTe Ims studiedareplottedtogethemith the
masksof thegrainboundarie®btainecby meanf thewatershealgorithm.Fromthis gure we
canseethatboththegrainlateralandheightdimensionsncreasawith increasinghethicknessof
theZnTe Im. Notethatthe grain—like facetedstructurewasnot obsenedfor thethinnestZznTe
Im studied( =10.7nm). FromFigs.1 and4 we canseethatthewatershedhlgorithmis ableto
determinecorrectlythe grain positionsandboundariesvithout the needof strongdata Itering.
Thus,it canbe seenthatthe watershedilgorithmcanbe usedvery effectively for the AFM data
segmentatiorinto separatgyrains.

In Fig. 5 thedistributionsof thegrainsizesareplottedfor all thesamplestudied.We cansee
thatif thevalueof theZnTe Im thicknesdncreaseghedistribution of thegrainsizesgetswider
(i. e. moregrainswith mutuallydifferentsizesappeato beonthesurface).ln Tablel thevalues
of thethicknessesneangrainsizesandRMS valuesof heightsareintroduced.We canseethat
boththe meangrainsizeandRMS valueof heightsincreaseawith the increasinghicknessof the
ZnTe Im. The similar increaseof the mosaicblock sizewith the increasingthicknessof the
ZnTe Im is describedn the literatureconcerningX-ray studiesof ZnTe samplegpreparedoy
molecularbeamepitaxy[11]. Unfortunatelyfor our samplest wasvery problematicto perform
thesimilar X-ray measurementssdescribedn Ref. 11dueto thesmallthicknesof thesamples.
The comparisorof our resultswith the X-ray oneswill bediscussedh ourforthcomingpaper
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In Fig. 6 the diagramdescribingthe distribution of the directionsof the normalsis plotted.
Thepreferreddirectionsonthesurface(i. e. theanisotropy) canbeclearlyseen.Thesedirections
correspondo the facetsforming the grain structure. Thefacetanglescanbe evaluatedfrom the
distribution too: their valueswerefoundto bebetweent and11 . Thefacetshereforeprobably
correspondo someplaneswith relatively high valuesof the Miller indices.

5 Conclusions

In this paperthe proceduregnablingusto characterizéhesurfacemorphologyof theZnTe Ims
weredescribedn detail. The proceduregor the determinatiorof the following quantitieswere
namelypresentedmeangrain size, grain size distribution, RMS valuesof the heightsandthe
diagramdescribinghedistribution of thedirectionsof thenormals.Thesequantitiescanbeused
to characterizehe ZnTe surfacesin an ef cient way (mainly the grain andfacetstructureare
importantfor characterizinghesesurfaces).Usingtheinterpretatiorof thequantitiesmentioned
above it wasfound that the ZnTe surfacesexhibited the stronganisotropy in the slopesof the
facets.Further it wasfoundthatwithin the surfacesthe facetsformedthe grain-like structures.
Thelineardimensionf thesestructuresncreasedvith theincreasingvaluesof thethicknesses
of theZnTe Ims understudy Thus,it wasshowvn that AFM is the suitabletechniquefor char
acterizingtheZnTe Im surfacesstructure.Of coursejt is evidentthatthe sameanalysiscanbe
appropriatdor characterizingheotherthin Ims exhibiting a similar surfacestructure.
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