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In thispaperresultsof acharacterizationof thesurfacesof ZnTeepitaxialthin �lms exhibiting
thedifferentthicknessesarepresented.Theresultsmentionedareobtainedusingtheproce-
duresenablingusto determinethevaluesof thefollowing quantities:meangrainsize,grain
sizedistribution, root–meansquarevaluesof theheightsof theirregularitiesandthediagram
describingthedistributionof thedirectionsof thenormals.For theanalysisof thegrainstruc-
tureawatershedalgorithmis used.It is shown thatthevaluesof thesequantitiescandescribe
the morphologyof the ZnTe �lm surfacesin a suf�cient way. Further, it is shown that the
structureof thesurfacesof theZnTe �lms exhibit facetsformingagrainstructure.Moreover,
it is presentedthattheZnTe �lm surfacesexhibit astrongslopeanisotropy andthatthelinear
dimensionsof thegrainsincreasewith increasingvaluesof thethicknessesof theZnTe �lms.

PACS: 68.37.Ps,68.35.Ct

1 Intr oduction

Atomic forcemicroscopy (AFM) is a very usefultool for investigatingthe surfaces(the upper
boundaries)of thin solid �lms. This techniquehasbeenusedto studya structureof surfacesof
�lms preparedbydifferenttechnologies.Forexample,AFM hasbeenemployedfor analyzingthe
roughness[1–3], grainstructure[4] andfractalproperties[5,6] of thethin �lm surfaces.Further,
it hasbeenemployedfor the thin �lms formedby differentmaterials,e.g. the �lms formedby
singlecrystalof semiconductors,columnar�lms formedby dielectrics,polycrystalline�lms of
metalsetc. In this papera grain structureof the ZnTe epitaxial �lm surfaceswill be studied.
In our earlier investigation,we have namelyfound that the surfacesof these�lms exhibited a
relatively complicatedstructurethatcanbeunderstoodasacertainkind of thegrainstructure[7].
Thegrainstructureof theZnTe�lms exhibitsapronouncedanisotropy, i. e. in differentdirections
within themeanplaneof thesurfacestheone–dimensionaldistributionof theslopesis different.

1E-mail address:klapetek@physics.muni.cz

0323-0465/03 c
�

Instituteof Physics,SAS,Bratislava,Slovakia 223



224 P. Klapeteket al.

Fig.1. Grainidenti�cation: A, shadedAFM imageof theZnTesampleNo. 5,B, mapof thegrainsidenti�ed
usingtheheightthresholdalgorithm(grainsaremarkedby white),C, mapof thegrainsidenti�ed usingthe
secondderivativethresholdalgorithm,D, mapof thegrainsidenti�ed usingthewatershedalgorithm(before
thealgorithm�nished segmentationof image).

However, so far no detailedattentionhasbeendevoted to this effect and our resultsare �rst
ones. Therefore,the proceduresof analyzingthe forms anddimensionsof the grainstogether
with resultsobtainedusingthemwill bepresented.Moreover, thementionedanisotropy of the
sampleswill bestudiedin detail.

2 Experimental arrangement

The epitaxial �lms of ZnTe werepreparedby molecularbeamepitaxy(MBE) on (100) GaAs
singlecrystalsubstrates.The temperatureof the substrateswasof 300� C. The �ux of Zn and
Te atomswasmonitoredwith a referencegauge,placedcloseto thesampleholder. The beam
equivalentpressurefor Zn andTe was1–2	�

����� Torr and4–16	�
������ Torr, respectively. The
growth ratewasbetween4–8nm/min. We investigated� ve samplesof theZnTe epitaxialthin
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�lms characterizedwith thedifferentvaluesof thethicknesses(samplesNos.1–5).Thevaluesof
thesethicknesseswereasfollows: ������

��� � nm (No. 1), ����� �"!�� � nm (No. 2), �$#%�'&�
"
 nm
(No. 3), �)(*�+&)�"� nm (No. 4), �$,-�/.0�)� nm (No. 5). The valuesof the thicknesseswere
determinedusingopticalmeasurements.

For theanalysisof theZnTe �lms thecommercialapparatusThermoMicroscopesExplorer
was used. Both contactand non-contactmodeswere usedfor the measurements.Both the
standardcontact(apex ratio1:2,apex curvature 1 20nm)andnon-contact(apex ratio1:10,apex
curvature 1 10nm) tips wereutilized.

3 Data processing

In Fig. 1a theAFM imageof thepartof thesurfaceof thechosenZnTe �lm (sampleNo. 5) is
introduced.Fromthis �gure onecanseethatthestructureof thissamplecorrespondsto asystem
of facetsforming the objectsresemblingthe grain structure. Thereforethe following analysis
of the structureof theZnTe �lm surfaceswill be performedunderassumptionthat the objects
mentionedabove are identicalwith certaingrains. This opinion is supportedby the fact that
theZnTe epitaxial�lms exhibit in their volumesa mosaicstructureformedby a network of low
angledislocations[8]. Thus,asa �rst approximation,it is possibleto believe that in the ZnTe
�lm surfacessomegrainscorrespondingto the mosaicblocks take place. It shouldbe noted
that the aim of this work hasnot consistedin the studyof a relationshipbetweenthe mosaic
structureon the onehandandthe grainsobserved on the otherhand. Our main aim consists
in �nding ef�cient proceduresenablingus to carry out a completeanalysisof this kind of the
surfacestructureof ZnTe �lms usingAFM.

For theanalysismentionedweexaminedthefollowing procedures:

1. grainanalysisby boththeheightandsecondderivative thresholding,

2. graintopsidenti�cation by modi�ed watershedalgorithm,

3. determinationof thegraingeometryusingwatershedalgorithm,

4. meangrainsizeandgrainsizedistributionevaluation,

5. procedurefor creatingadiagramdescribingthedistributionof thedirectionsof thenormals
to theboundaries,

6. procedurefor evaluatingtheroot meansquarevalueof theheights.

The �rst four itemsareconnectedwith the grain propertiesof the surface,the last oneis con-
nectedwith theslopesof thefacetsforming thegrains.In thefollowing thealgorithmsusedwill
bediscussedbrie�y .

The grain analysisby the height thresholdingis the simplestandmostly usedmethodfor
determinationof grain positionsand volumes. The algorithm is basedon selectinga height
thresholdvalue(usuallyat thevalueof themeanplaneof thesurface).Thepartsof thesurface
thatareabovethisvaluearedenotedasgrains,thepartsthatarebelow thethresholdaredenoted
aspores.Thenthegrainstatisticalproperties(grainmeansize,grainsizedistribution etc.) can
beevaluated.Thisalgorithmis suf�cient oneto describethegrainpropertiesof isolatedparticles
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Fig. 2. Grain identi�cation by the watershedalgo-
rithm (�rst step of the algorithm): A, water drop
stopsin thelocalminimumand�lls it by its volume,
B, when the small local minimum is �lled, other
dropscanpassthroughit to a largerlocalminimum.

Fig. 3. Watershedalgorithm image segmentation
(secondstepof thealgorithm): the numbersdenote
particlesin four possiblemodelpositions(seetext).

depositedon theplanarsurface[4]. However, for morecomplicatedgrain–like structures(e.g.
thecolumnarstructuresof metalsformedby vacuumevaporation)it fails. Theresultsof thegrain
analysisof theZnTeepitaxial�lms by meansof thisalgorithmareplottedin theFig. 1b. Wecan
seethat thegrainsarenot identi�ed properly:on onesidemany of thelargergrainsaremerged
togetheron theothersidethesmallgrainsarenot foundat all.

Thegrainanalysisby thesecondderivativethresholdingisamodi�cation of theheightthresh-
oldingmethod.HeretheLaplacianof Gaussian�lter is appliedon thedata.At eachpoint in the
arrayresultingfrom this �ltering the valueis thresholdedagain. In the ideal casethis method
shouldclearly identify thetopsof thegrainsastheir curvatureis differentfrom thecurvatureof
thepores.However, it is clearthat this methodis very sensitive to noise. The Gaussian�lter -
ing embeddedinto theLaplacianof Gaussian�lter is not suf�cient to eliminateall thenoisein
theAFM data.Thereforeonemustapplysomestrong�ltering to denoisetheAFM datawhich
canleadto lossof informationaboutgrains. The grainsidenti�ed by this methodareplotted
in the Fig. 1c. We canseethat the resultsarebetterthanthe resultsobtainedusingthe height
thresholdingalgorithmbut still insuf�cient for our purposes.

The watershedalgorithm is usually employed for local minima determinationand image
segmentationin imageprocessing[9,10]. As theproblemof determiningthegrainpositionscan
beunderstoodastheproblemof �nding localextremeson thesurfaceweusedthisalgorithmfor
our purposes.For conveniencein thefollowing we will treatthedatainvertedin the 2 direction
while describingthe algorithm(i. e. the grain topsare forming local minima in the following
text). We appliedtwo stagesof thegrainanalysis:

1. At eachpointof theinvertedsurfacethevirtual waterdropwasplaced.In thecasethatthe
dropwasnotalreadyin a localminimumit followedthesteepestdescentpathto minimize
its potentialenergy. As soonasthedropreachedany local minimumit stoppedhereand
restedon thesurface.In this way it �lled the local minimumpartially by its volume(see
Fig. 2 and the �gure caption). This processwas repeatedseveral times. As the result
a systemof lakesof differentsizes�lling the invertedsurfacedepressionswasobtained.
Then the areaof eachof the lakes wasevaluatedand the smallestlakeswere removed
underassumptionthat they were formed in the local minima originatedby noise. The
larger lakeswereusedto identify thepositionsof thegrains. In this way thenoisein the
AFM datawaseliminated.
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Fig. 4. Partsof the imagesof all the ZnTe �lms studied(right side)togetherwith themapsof the grains
(white—identi�ed grains,black—grainboundaries).

2. Thegrainsfoundin thestep1 weremarked(eachoneby a differentnumber).Thewater
dropscontinuedin falling to thesurfaceand�lling the local minima. As thegrainswere
alreadyidenti�ed andmarkedafter the �rst step,thenext � ve situationscouldhappenas
soonasthedropreacheda localminimum(seeFig. 3):

3 the drop reachedthe placepreviously marked asa concretegrain. In this casethe
dropwasmergedwith thegrain(i. e. it wasmarkedasa partof thesamegrain,see
Fig. 3 — particleNo. 1),

3 thedropreachedtheplacewherenograinwasfoundbut a concretegrainwasfound
in theclosestneighborhoodof thedrop. In this casethedropwasmergedwith the
grainagain(seeFig. 3 — particleNo. 2),
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Fig. 5. Distribution functionsof the grain radii for
theZnTesamplesNos.2–5.

Fig. 6. Diagramof the distribution of the normal
componentsof thesurfacecorrespondingto sample
No. 5 (thescaleof the �gure correspondsto the in-
terval from 4�5�6 to 18degrees).

3 thedropreachedtheplacewherenograinwasfoundandnograinwasfoundevenin
theclosestneighborhoodof thedrop. In thatcasethedropwasnotmarkedatall (see
Fig. 3 — particleNo. 3),

3 the drop reachedthe placewhereno grain was found but more thanoneconcrete
grainwasfound in theclosestneighborhood(e.g. two differentgrainswerefound
in theneighborhood).In this casethedrop wasmarkedasthegrainboundary(see
Fig. 3 — particleNo. 4),

3 the drop reachedthe placemarked as grain boundary. In this casethe drop was
markedasthegrainboundarytoo.

After �lling all thedepressionsweobtainedamaskof thegrainboundariesthatdetermined
thegrainpositionsandsizes.

In this way we canidentify thegrainpositionsandthendeterminethevolumeoccupiedby
eachgrainseparately. In Fig. 1d thegrainsidenti�ed for theZnTe sampleNo. 5 (after �rst few
iterationsof thesecondstepof thewatershedalgorithm)areplotted. As a resultof the �nished
watershedalgorithmweobtaintheimagesegmentedinto thegrains(seeFig. 4). It canbeclearly
seenthattheresultsaremuchbetterthantheresultsof theothertwo methods.Therefore,for the
evaluationof thestatisticalpropertiesof thegrainstructurewe usedthewatershedalgorithmin
thiswork.

Themeangrainsizewasdeterminedasfollows: a family of thegrainswasselected.Then
theareaoccupiedby every grainwasevaluated.A nominalcircle having thesameareaasthe
grainwasassignedto this grain. Theradiusof this nominalcircle wasconsideredto bethesize
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SampleNo. d [nm] 7 [nm] grainradius[nm]
1 10.7588 0.021 0.798 0.05 —
2 96.8758 0.026 1.518 0.05 958 5
3 311.0588 0.037 4.238 0.07 1198 4
4 387.7288 0.033 5.958 0.10 2098 3
5 797.5968 0.040 13.228 0.15 2978 3

Tab. 1. The valuesof the �lm thicknesses,RMS valuesof the heights 9 andgrain radii for the samples
studied.

of thegrainselected.Themeanvaluecalculatedon thebasisof all thegrainsizesrepresented
this meangrainsize. The family of thevaluesof thesizeof all thegrainsselectedrepresented
thegrainsizedistribution.

Thediagramdescribingthedistribution of thedirectionsof thenormalswasobtainedin the
following way: At eachpoint of the AFM scanthe normal componentsto the surfacewere
calculated.This componentsdeterminedonepoint in theplaneof thediagram.In this point the
valuewasincrementedby numberone. Thenthe total numberof the incrementsin thechosen
point in theplaneof thediagramrepresentedthenumberof thedatapointsexhibiting thechosen
valuesof the normalcomponents.A normalizationof the numbersin the diagramwas�nally
performed.

Theroot-meansquarevalueof theheights(RMS roughness)wasevaluatedby meansof the
formulapresentedin Ref.2.

4 Resultsand discussion

In Fig. 4 theAFM imagesof thepartsof the� veZnTe�lms studiedareplottedtogetherwith the
masksof thegrainboundariesobtainedby meansof thewatershedalgorithm.Fromthis�gure we
canseethatboththegrainlateralandheightdimensionsincreasewith increasingthethicknessof
theZnTe �lm. Notethatthegrain–like facetedstructurewasnot observedfor thethinnestZnTe
�lm studied( �

� =10.7nm). FromFigs.1 and4 wecanseethatthewatershedalgorithmis ableto
determinecorrectlythegrainpositionsandboundarieswithout theneedof strongdata�ltering.
Thus,it canbeseenthatthewatershedalgorithmcanbeusedveryeffectively for theAFM data
segmentationinto separategrains.

In Fig.5 thedistributionsof thegrainsizesareplottedfor all thesamplesstudied.Wecansee
thatif thevalueof theZnTe�lm thicknessincreases,thedistributionof thegrainsizesgetswider
(i. e. moregrainswith mutuallydifferentsizesappearto beonthesurface).In Table1 thevalues
of thethicknesses,meangrainsizesandRMS valuesof heightsareintroduced.We canseethat
boththemeangrainsizeandRMS valueof heightsincreasewith theincreasingthicknessof the
ZnTe �lm. The similar increaseof the mosaicblock sizewith the increasingthicknessof the
ZnTe �lm is describedin the literatureconcerningX-ray studiesof ZnTe samplespreparedby
molecularbeamepitaxy[11]. Unfortunately, for oursamplesit wasveryproblematicto perform
thesimilarX-raymeasurementsasdescribedin Ref. 11dueto thesmallthicknessof thesamples.
Thecomparisonof our resultswith theX-ray oneswill bediscussedin our forthcomingpaper.
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In Fig. 6 thediagramdescribingthedistribution of thedirectionsof thenormalsis plotted.
Thepreferreddirectionsonthesurface(i. e. theanisotropy) canbeclearlyseen.Thesedirections
correspondto thefacetsforming thegrainstructure.Thefacetanglescanbeevaluatedfrom the
distribution too: their valueswerefoundto bebetween4 and11� . Thefacetsthereforeprobably
correspondto someplaneswith relatively highvaluesof theMiller indices.

5 Conclusions

In thispapertheproceduresenablingusto characterizethesurfacemorphologyof theZnTe�lms
weredescribedin detail. Theproceduresfor thedeterminationof thefollowing quantitieswere
namelypresented:meangrain size,grain sizedistribution, RMS valuesof the heightsandthe
diagramdescribingthedistributionof thedirectionsof thenormals.Thesequantitiescanbeused
to characterizethe ZnTe surfacesin an ef�cient way (mainly the grain andfacetstructureare
importantfor characterizingthesesurfaces).Usingtheinterpretationof thequantitiesmentioned
above it wasfound that the ZnTe surfacesexhibited the stronganisotropy in the slopesof the
facets.Further, it wasfoundthatwithin thesurfacesthefacetsformedthegrain-like structures.
Thelineardimensionsof thesestructuresincreasedwith theincreasingvaluesof thethicknesses
of theZnTe �lms understudy. Thus,it wasshown thatAFM is thesuitabletechniquefor char-
acterizingtheZnTe �lm surfacesstructure.Of course,it is evidentthatthesameanalysiscanbe
appropriatefor characterizingtheotherthin �lms exhibiting asimilar surfacestructure.
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[2] D. Franta,I. Ohĺ�dal, P. Klapetek:Mikrochim. Acta132(2000)443
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28 (1997)289

[10] F. Krolupper:Diplomathesis,CharlesUniversity(2001)Prague

[11] M. Lang,D. Schikova, T. Widmer, C. Giftge, A. Forstner, V. Holý, J. Humenberger, G. Brunthaler,
H. Sitter, M. vonOrtenberg: J.Cryst.Growth 138(1994)81


