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19: ScanningTunnelingMicroscopy (STM)

1 Intr oduction

Theinventionof thescanningtunnelingmicroscope(STM) by Binnig andRohrerin 1982revo-
lutionizedsurfacescience.Bothwereawardedwith theNobelPrizein Physicsfor theirtechnical
breakthroughwhichfacilitatesthevisualizationof theatomicstructureof surfacesin realspace.
Thenobellecturecanbefoundin [1]. Sinceits inventiontheSTM hasundergoneconstantfur-
therdevelopment.Today, STM studiesarenomoreboundto ultrahighvacuumconditionsasin
theearlyyears.Tunnelingmicroscopeshavebeendevelopedthatcanbeoperatedatatmospheric
pressureto study, e.g.,morphologicalchangesat catalystsurfacesunderreactionconditionsor
theatomicstructureof electrodesin electrochemicalenvironments.Someof themostimpres-
sive insightsinto have takenplacein thefield of fundamentalsurfacephysics.For example,it
hasbeenshown thatelectronwaves(to beprecise:thesquareof thewave functionrepresenting
theprobabilitydensity)candirectlybeimaged:anexampleis shown in fig. 1, wherethewaves
of conductionelectronsfrom Cu trappedin a circularpotentialwell of adsorbedFeatomsat a
Cu(111)surfacecanbeseen[2].

Figure1: Standingelectronwavesobservedin acircleof iron atoms

2 Theoretical Background

Beforestartingthis experiment,youmustbefamiliar with thefollowing concepts:
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Figure2: Furtherinformationconcerningthetunnelingof electrons

� TheSchr̈odingerequation

� Tunnelingphenomena

� Theelectronicstructureof metals(densityof states,Fermilevel)

� Work function

� Physicalpropertiesandcrystalstructureof graphite

� Piezo-drivenactuators

Note that the following sectionis intended asintr oductory readingonly. To carry out the
experimentyou must readthe literatur e listed at the endof this document.

The principle of the STM is basedon the tunnelingof electronsthrougha potentialbarrier.
Quantummechanicspredictsthat thereis a certainprobability for particlesto passthrougha
potentialbarriereven if their kinetic energy

�������
is lower thanthebarrierheight �
	 . It is said

that someparticlestunnel throughthe barrier. Not only electronshave theability to undergo
tunnelling:anotherwell-known exampleis theemissionof � -radiationfrom radioactivenuclei.

Qualitatively, thetunnelingof electronsfrom thesurfaceto thescanningprobetip is basedon
theapplicationof theone-dimensionalstationarySchrödingerequationfor anelectronwith a
total energy

�
�����
which shallbeassumedto belower thantheheighta potentialbarrier � 	 (see

fig. 2). It canbeshown [3] that thewave functionsin theregionslabelledA, B andC satisfy
theexpressions

����������� ��� � �!�#"%$'&�( � �*) �!�#"�$
(1)��+,������� -.� � �0/�$ &�1 � � ) �0/�$
(2)�32�������� � � � �4�5"6$ &�7 � � ) �4�5"�$
(3)
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Figure3: Tunnelingof Electrons

with 8 � 9:<; = > �
and ? � 9:A@ = > � �
	
B � �

. The constantsA to F are determinedby the
boundaryconditionsthatthewavefunctionandits first derivativemustbecontinuousat

�C�ED
and

�F�HG
.
� �

(x) and
�I2

(x) representthe oscillatorysolutionsof the free electron(
� �4�J$ �

KMLON � 8 �P� &RQ N QTS � 8 �P� ) while the solution in the classicallyforbiddenregion (
��+

(x)) consists
of an (exponentially)increasinganddecreasingcomponent.The transmission coefficient T
giving theprobabilitythatthepotentialbarrieris penetratedis thengivenby

U ��V 7 VXWV � V WZY
� ) /�[\ ; WT],^4_a` )cbed (4)

AssumingthattheappliedvoltagebetweentheSTM tip andthesampleis small,i.e.,

� �*f�gCh �
	 �.i
and

� D(E) (thedensityof states)

beingconstantin therangefrom Ej to Ej -eU
g

,

thetunnelingcurrent k g canbeapproximatedby

k gmlRf�gm� �*) /�[\on WT]3p (5)

with d being the distancebetweentip andsampleand
i

being the “effective work function”iq�r9W ��i 9
& i W � .

Fig. 3 showsa schematicenergy diagramfor thetunnelingof electronsbetweentwo metals.
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Figure4: Generalsetupof anSTM

3 Experimental

3.1 Scopeof theexperiment

In thisexperiment,youwill

� prepareacleanhighly orientedpyrolytic graphite(HOPG)surface

� takeimagesof this surface(from panoramicscansdown to atomicscalescans)

� measurethe tunnelingcurrentI asa function of the distancez from the HOPGsurface
(I/z scans)

3.2 ExperimentalSetup

The most crucial part of the STM is its metal tip, which is usually madefrom tungstenor
platinum/iridiumalloy wires. Thesampleis mountedoppositethis tip on a sampleholderthat
canbedrivenin x-,y- andz-directionby meansof piezo-motors.A feedbackloopmonitorsthe
tunnelingcurrentcontinuously, allowing controlledmovementof thesurfacerelative to thetip
with anaccuracy of a few Å(seefig. 4).

Most STMscanbeoperatedin scanningmodes(seefig. 5):

� ConstantCurrentMode
Thetip is movedacrossthesurfacewhile a constanttunnelingcurrentis maintainedby
thefeedbackloop. ThevoltageU s appliedto thepiezo-drivenz-actuatorto keepconstant
currentdependson theelectronicpropertiesof thesamplesurfaceat thepositionof the
tip. As the electronicstructureof the surfaceis correlatedwith its atomicstructure,an
imageof thesamplesurfaces obtainedby plottingmapsof U s asa functionof thex- and
y-coordinates.

� ConstantDistanceMode
In thismode,U s is keptat aconstantvalue,i.e., thetip is movedata constantz-position.
The distancebetweentip and samplesurfacethus variesas the tip is moved over the
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Figure5: Thedifferentscanningmodesappliedin STM

sample. The tunnelingcurrentis a function of the distancebetweentip andsampleso
that it canbeusedto show thestructures.Note thatthis methodcanonly beappliedfor
samplesflat at anatomicscale,asotherwisethereis a high risk of crashingthe tip into
corrugationsat thesamplesurface.A majoradvantageof thismodeis its higherscanrate,
whichcanhelpto reducetheeffectof thermaldrift on themeasurement.

3.3 Instructionsfor theExperiment

3.3.1 Preparationof theSample

Thisstepshouldusuallynot benecessary. Contact your supervisor to clarify this point.

To prepareacleansurfaceyouhaveto removethetop layersof thegraphite.Attachsomesticky
tapeto thesurfaceandcarefullyremove it. Youshouldseea thin layerof graphiteon thetape.

3.3.2 Insertionof theSample

Usethe glovesprovided when handling the sample holder. If you accidentally touch it
without gloves,cleanit with someethanolasit is very sensitiveto contamination.
Putthesampleon themagneticsampleholder. Insertthesampleholderin theSTM (seefig. 6).
Be careful, don’t touch the tip !.

Placethe sampleholdervery careful on the piezo motor (first put it onto the little rails,
then slide it onto the motor itself). The samplemust not crashon the motor devicebecause
otherwiseit will bedamaged.Noteespeciallythat thereis a magnetbelowthe piezomotor!
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Figure6: Mountingthesampleonthemagneticsampleholder(left) andinsertionof thesample
holderin theSTM (right)

Figure7: Theapproachpanelprovidedby theEASYSCANsoftware

Avoid any mechanicalforce! Do not touch either sampleor tip.

3.3.3 ApproachingtheTip

Thispartof theexperimentis donein threesteps:

manual approach Carefullymovethesampletowardsthetip while usingthelensesprovided
to monitor its movement.Adjust thepositionof the sampleso thata goodquality part of the
surfaceis in front of the tip. The distancebetweentip andsampleshouldbeapproximately1
mm.

coarseapproachusing the piezomotor Putthelid ontotheSTM. Usethelensinsidethetip
andthearrow buttonin theapproachpanelto move thesampletowardsthetip (seefig 7).

Usethemirror imageof thetip on thesamplesurfaceto adjustthepositionof thesample.Take
time. Do not movethe sampletoo close!If the tip crashesinto the sample,a newtip hasto
beprepared. TheLED on theSTM providesinformationon thestatusof theapproach:

� orangemeansthatthesampleis too far away from thetip to detecta tunnelingcurrent
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Figure8: Thescanpanelof theEASYSCANsoftware

� greenmeansthat the sampleis well-positioned,a tunnelingcurrent is detected. This
colouronly appearsafterstep3, fine approachusingthepiezomotor

� redmeansthatyouhavecrashedthesampleinto thetip (youneedto call theexperimental
supervisor).

fine approachusing the piezomotor PushtheApproachbuttonin theapproachpanel.The
samplenow approachesthetip continuouslyin smallstepsuntil a tunnelingcurrentis detected
by thefeedbackloop. Thisstepwill takesometime. It dependsonhow well thepre-adjustment
usingthecoarseapproachwasperformed.Do notbeimpatient!If theapproachis successful,a
dialogboxApproachdoneappearsandtheLED turnsgreen.

3.3.4 ImagingtheSurface

Fig. 8 showsa screenshotof EASYSCAN’Sscanpanel.

MakesurethattheLine Math is “raw”. Apply theFull andtheStart buttonsin thescanpanel.
Youshouldseethemeasuredline scansin theleft partof thedisplay. Adjust theRotation to 0
deg. If themeasurementline looksnoisycall theassistant(seefig. 9).

If theline scansappearto beof reproduciblygoodquality, you canadjusttheslopeof theline
with thex-slopeparameter. If theline is flat, adjusttheRotation to 90deg andfollow theabove
steps(seefig. 10.
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Figure9: Goodandnoisymeasurementlines

Figure10: Adjustingthecorrectx andy slopes
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Thenturn backto a rotationof 0 deg. Adjust theview scaleandthez-rangesothatyou geta
goodimageof thesurface.Testtheinfluenceof thedifferentparameters(time/line,points/line,
etc.).Whenadjustingthez-range,makesurethattheline scansdo not riseinto theupperthird
of theavailablerange.If they do you mustapplya largervaluefor thez. Onceyou geta good
image,takeasnapshotby meansof thePhotobutton.
Onceyouhaveagoodimageof thesurface,usetheZoom functionto decreasetheareayouare
looking at. Aim to chooseanareathatappearscompletelyflat in the line scans.Takeimages
at approximately100 nm x 100 nm, 50 nm x 50 nm, 25 nm x 25 nm, 5 nm x 5 nm and2.5
nm x 2.5 nm scansize. While zoomingin, carefullydecreasethez-range. Takesnapshotsof
goodimages.Whendecreasingthescanrange,look at the slopeof the individual line scans.
Sometimes,they have to bere-adjusted(rememberthe90 deg rotation).

3.3.5 SomeHints for ObtainingGoodImagesat Atomic Scale

It is quiteeasyto getsurfacescanswith largescanranges.However, achieving atomicscaleis
moredemanding.Herearesomehintsthatshouldhelpyou:

� It is essentialto applyshortscanningtimesto minimizethermaldrift effects(settime/line
to a minimumvalue).

� TheRotation parameterneedsto beoptimized.Takesomeimagesatdifferentvaluesand
usetheonewith thebestresolution.

� Bright light andmovementneartheSTM setupinterferewith the measurement.Avoid
abruptmovementsandwalkingaroundin theroom.

� If ameasurementlooksgood,wait a few minutesto obtainstableimages.

3.3.6 UsingtheSpectroscopyPanel

Fig. 11 showsyou thefunctionsavailablehere.

Onceyouachievedatomicresolution,applytheSpecbutton.Theactualimageis transferredto
thespectroscopypanel. UsethePoint button to positionthe tip above a carbonatom. Check
therel checkboxandselectZ-Axis from theOutput menu.Carefullyincreasetherangeof the
scanby adjustingthefr om andto values.As youdonotknow theexactdistanceto thesurface,
you have to approachanx valuewherethecurrentlimitation preventsa further increaseof the
tunnelingcurrent.Save threeI/z-Curvesfor furtherinterpretation.

3.3.7 Endof theMeasurement

Onceyouhave completedall of theabove steps,usethewithdraw button(applyit aboutthree
times)andthearrow buttonbesideit to move thesampleaway from thesurface.Putthesample
in thesamplebox (gloves)andthesampleholderin its case.Finally, closethelid.
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Figure11: Thespectroscopypanelof theEASYSCANsoftware

4 Data Evaluation

After the experimentyou shouldhave saved different imagesof the graphitesurfaceand at
leastthreeI/z curves. For evaluatingpurposes,the STM softwarehasbeeninstalledin the
microcomputerroom. The softwareprovidesyou with tools to determinedistances,angles,
etc. Describeandprint every imageyou have takenduring the experiment. If you describe
macroscopicfeatures(steps,islands),calculatetheirsizeandheightanddiscusstheresults.On
theatomicscale,locatethepositionsof thecarbonatomsandmeasureall importantdistances
andanglesin theunit cell. Discussyour results.

For evaluatingthe I/z curvesyou have to export themas“Plotfile ASCII”. Thesefiles canbe
further processedwith any programwhich is capableof linear regression(XMGR, EXCEL,
GNUPLOT, ORIGIN). Calculatelogarithmicplots of ln(I) vs. z anddeterminethe slopesof
thesecurves. Comparetheseslopeswith valuescalculatedby meansof eqn. 5. Use work
functionsof 5.65eV and5.0eV for platinumandgraphite,respectively.

For printing your results,it is suggestedthatyou usethe laserprintersat theZEDAT which are
accessiblefrom theMC room.

5 SomeWords concerning the Report

Briefly describehow theSTM works(physicalprinciplesandsetup).Describetheadvantages,
disadvantagesandapplicationsof this instrument. Describethe experimentalsetupusedfor
your own experimentsandwhatyou have done.Describeyour imagesandtheI/z-curves.The
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Discussionof theresultsshouldbeat least25 % of thetotal lengthof your report.
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