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19: ScanninglTunnelingMicroscopy (STM)

1 Intr oduction

Theinventionof the scanningunnelingmicroscopgSTM) by Binnig andRohrerin 1982revo-
lutionizedsurfacescience Bothwereawardedwith theNobelPrizein Physicdor theirtechnical
breakthrougtwhich facilitatesthevisualizationof theatomicstructureof surfacesn realspace.
Thenobellecturecanbefoundin [1]. Sinceits inventionthe STM hasundegoneconstantur-
therdevelopment.Today STM studiesareno moreboundto ultrahighvacuumconditionsasin
theearlyyears.Tunnelingmicroscopesave beendevelopedthatcanbeoperatedtatmospheric
pressurdo study e.g.,morphologicalkchangest catalystsurfacesunderreactionconditionsor
the atomicstructureof electrodesn electrochemicagrnvironments.Someof the mostimpres-
sive insightsinto have takenplacein thefield of fundamentakurfacephysics.For example, it
hasbeenshavn thatelectronwaves(to be precisethe squareof thewave functionrepresenting
the probability density)candirectly beimaged:anexampleis shavn in fig. 1, wherethewaves
of conductionelectrongrom Cu trappedin a circular potentialwell of adsorbed-e atomsat a
Cu(111)surfacecanbeseen?].

Figurel: Standingelectronwavesobsenredin acircle of iron atoms

2 Theoretical Background

Before startingthis experiment,you mustbe familiar with thefollowing concepts:



Figure2: Furtherinformationconcerninghetunnelingof electrons

The Schibdingerequation

Tunnelingphenomena

Theelectronicstructureof metals(densityof statesFermilevel)

Work function

Physicalpropertiesandcrystalstructureof graphite

Piezo-drvenactuators

Note that the following sectionis intended asintr oductory readingonly. To carry out the
experimentyou must readthe literatur elisted at the end of this document.

The principle of the STM is basedon the tunnelingof electronsthrougha potentialbarriet
Quantummechanicgredictsthat thereis a certainprobability for particlesto passthrougha
potentialbarrierevenif their kinetic enegy F,;, is lower thanthe barrierheight};. It is said
that someparticlestunnelthroughthe barrier Not only electronshave the ability to undego
tunnelling: anothemvell-known exampleis theemissionof a-radiationfrom radioactve nuclei.

Qualitatively, thetunnelingof electronsrom the surfaceto the scanningprobetip is basedon
the applicationof the one-dimensionastationarySdrodingerequationfor an electronwith a
total enegy E,,; which shallbe assumedo be lowerthanthe heighta potentialbarrierV; (see
fig. 2). It canbe shavn [3] thatthe wave functionsin theregionslabelledA, B and C satisfy
theexpressions
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Figure3: Tunnelingof Electrons

with & = +v2mFE and! = $./2m(V, — E). The constantsA to F are determinecby the
boundaryconditionsthatthe wavefunctionandits first derivative mustbe continuousatx = 0

andz = d. ¥4(X) andyc(X) representhe oscillatory solutionsof the free electrong’* =

cos(kz) + 1sin(kz)) while the solutionin the classicallyforbiddenregion (y'5(x)) consists
of an (exponentially)increasingand decreasingzomponent.The transmission coefficient T

giving the probabilitythatthe potentialbarrieris penetrateds thengivenby
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Assumingthattheappliedvoltagebetweerthe STM tip andthe samples small,i.e.,

e clUr < Vy =¢and

¢ D(E) (thedensityof states)
beingconstanin therangefrom E; to E;-eUy

thetunnelingcurrent/r canbeapproximatedy

[T ~ UT . e_r%l“ 2mé (5)

with d beingthe distancebetweentip andsampleand ¢ beingthe “effective work function”
¢ = %(¢1 + ¢2).

Fig. 3 shavs a schematienegy diagramfor the tunnelingof electrondetweerntwo metals.
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Figure4: Generaketupof anSTM

3 Experimental
3.1 Scopeof theexperiment

In this experiment,you will

e prepareacleanhighly orientedpyrolytic graphite(HOPG)surface
¢ takeimagesof this surface(from panoramicscansdown to atomicscalescans)

e measurdhe tunnelingcurrentl asa function of the distancez from the HOPG surface
(I/z scans)

3.2 ExperimentaSetup

The mostcrucial part of the STM is its metal tip, which is usually madefrom tungstenor
platinum/iridiumalloy wires. The sampleis mountedoppositethis tip on a sampleholderthat
canbedrivenin x-,y- andz-directionby meansof piezo-motorsA feedbackoop monitorsthe
tunnelingcurrentcontinuouslyallowing controlledmovementof the surfacerelative to thetip
with anaccuray of afew A(seefig. 4).

Most STMscanbeoperatedn scanningnodegseefig. 5):

e ConstantCurrentMode
Thetip is moved acrossthe surfacewhile a constantunnelingcurrentis maintainedoy
thefeedbacKoop. ThevoltageU. appliedto the piezo-drvenz-actuatoto keepconstant
currentdependson the electronicpropertiesof the samplesurfaceat the positionof the
tip. As the electronicstructureof the surfaceis correlatedwith its atomicstructure,an
imageof the samplesurfaces obtainedby plotting mapsof U, asafunctionof thex- and
y-coordinates.

¢ ConstanDistanceMode
In thismode,U, is keptataconstanwalue,i.e., thetip is movedata constantz-position.
The distancebetweentip and samplesurfacethus variesasthe tip is moved over the
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Figure5: Thedifferentscanningnodesappliedin STM

sample. The tunnelingcurrentis a function of the distancebetweentip and sampleso
thatit canbe usedto shav the structures.Note thatthis methodcanonly be appliedfor
sampledlat at an atomicscale,asotherwisethereis a high risk of crashingthetip into
corrugationatthesamplesurface A majoradwantageof thismodeis its higherscanrate,
which canhelpto reducethe effect of thermaldrift onthe measurement.

3.3 Instructionsfor the Experiment
3.3.1 Preparatiorof the Sample

This stepshouldusuallynot be necessaryContact your supervisorto clarify this point.

To prepareacleansurfaceyou have to remove thetop layersof thegraphite . Attachsomesticky
tapeto the surfaceandcarefullyremoveit. Youshouldseeathin layerof graphiteon thetape.

3.3.2 Insertionof the Sample

Usethe glovesprovided when handling the sample holder. If you accidentally touch it
without gloves,cleanit with someethanolasit is very sensitiveto contamination.

Putthe sampleon themagneticsampleholder Insertthe sampleholderin the STM (seefig. 6).
Be careful, don’t touch thetip!.

Placethe sampleholdervery careful on the piezo motor (first put it onto the little rails,
then slideit onto the motor itself). The samplemust not crash on the motor device because
otherwiseit will bedamaged.Note especiallythat thereis a magnetbelowthe piezomotor!



Figure6: Mountingthe sampleonthe magneticsampleholder(left) andinsertionof thesample
holderin the STM (right)

Approach Panel :

Figure7: Theapproactpanelprovidedby the EASYSCAN software

Avoid any mechanicalforce! Do not touch either sampleor tip.

3.3.3 ApproachingtheTip

This partof the experimentis donein threesteps:

manual approach Carefullymove thesampletowardsthetip while usingthelensegrovided
to monitor its movement. Adjust the position of the sampleso thata good quality part of the
surfaceis in front of the tip. The distancebetweertip andsampleshouldbe approximatelyl
mm.

coarseapproachusingthe piezomotor Putthelid ontothe STM. Usethelensinsidethetip
andthearrow buttonin theapproachpanelto move the sampletowardsthetip (seefig 7).

Usethemirror imageof thetip onthesamplesurfaceto adjustthe positionof thesample.Take
time. Do not movethe sampletoo close!If the tip crashesinto the sample,a newtip hasto
be prepared. The LED onthe STM providesinformationon the statusof the approach:

e orangemeanghatthe sampleis too far away from thetip to detecta tunnelingcurrent



Continuous

Figure8: Thescanpanelof theEASYSCAN software

e greenmeansthat the sampleis well-positioned,a tunnelingcurrentis detected. This
colouronly appearsfterstep3, fine approachusingthe piezomotor

¢ redmeanghatyou have crashedhesamplento thetip (youneedto call theexperimental
supervisor).

fine approachusingthe piezomotor Pushthe Approachbuttonin theapproactpanel.The
samplenow approachethetip continuouslyin smallstepsuntil a tunnelingcurrentis detected
by thefeedbackoop. This stepwill takesometime. It depend®n how well the pre-adjustment
usingthe coarseapproactwasperformed.Do notbeimpatient! If theapproachs successfula
dialogboxApproachdoneappearandthe LED turnsgreen.

3.3.4 Imagingthe Surface

Fig. 8 shavsascreenshodf EASYSCAN’Sscanpanel.

MakesurethattheLine Math is “raw”. Apply theFull andthe Start buttonsin the scanpanel.
You shouldseethemeasuredine scandn theleft partof thedisplay Adjustthe Rotation to O
deg. If themeasuremeriine looks noisycall the assistan{seefig. 9).

If theline scansappeatto be of reproduciblygoodquality, you canadjustthe slopeof theline
with thex-slopeparameterlf theline is flat, adjustthe Rotation to 90 deg andfollow theabove
stepg(seefig. 10.
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Figure9: Goodandnoisymeasuremeriines
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Figurel0: Adjustingthe correctx andy slopes



Thenturn backto arotationof 0 deg. Adjust the view scaleandthe z-range sothatyou geta
goodimageof thesurface.Testthe influenceof the differentparametergtime/line, points/line,
etc.). Whenadjustingthe z-range makesurethatthe line scansdo notriseinto the upperthird

of the availablerange.If they do you mustapplyalargervaluefor thez. Onceyou getagood
image,takeasnapshoby meansof the Photo button.

Onceyou have agoodimageof the surfaceusethe Zoom functionto decreas¢heareayou are
looking at. Aim to choosean areathatappearsompletelyflat in the line scans.Takeimages
at approximatelyl00 nm x 100 nm, 50 nm x 50 nm, 25 nmx 25 nm,5 nmx 5 nmand2.5

nm x 2.5 nm scansize. While zoomingin, carefully decreas¢he z-range. Take snapshotef

goodimages.Whendecreasinghe scanrange,look at the slopeof the individual line scans.
Sometimesthey have to bere-adjustedremembethe 90 deg rotation).

3.3.5 SomeHints for ObtainingGoodimagesat Atomic Scale

It is quite easyto getsurfacescanswith large scanranges.However, achieving atomicscaleis
moredemandingHerearesomehintsthatshouldhelpyou:

e Itisessentiato applyshortscanningimesto minimizethermaldrift effects(settime/line
to aminimumvalue).

e TheRotation parameteneeddo be optimized. Takesomeimagesat differentvaluesand
usetheonewith thebestresolution.

¢ Bright light andmovementnearthe STM setupinterferewith the measurementAvoid
abruptmovementsandwalking aroundin theroom.

¢ If ameasuremeriboksgood,wait afew minutesto obtainstableimages.

3.3.6 Usingthe Spectroscopyanel

Fig. 11 shavsyou thefunctionsavailablehere.

Onceyou achievedatomicresolution,applythe Specbutton. Theactualimageis transferredo

the spectroscopypanel. Usethe Point buttonto positionthe tip above a carbonatom. Check
therel checkboxandselectZ-Axis from the Output menu.Carefullyincreaseherangeof the
scanby adjustingthefr om andto values.As you do notknow theexactdistanceo the surface,
you have to approachanx valuewherethe currentlimitation preventsafurtherincreaseof the
tunnelingcurrent.Save threel/z-Curvesfor furtherinterpretation.

3.3.7 EndoftheMeasurement

Onceyou have completedall of theabove stepsusethewithdraw button (applyit aboutthree
times)andthearrow buttonbesidet to move thesampleaway from the surface Putthe sample
in the samplebox (gloves)andthe sampleholderin its case Finally, closethelid.



Figure1l: Thespectroscoppanelof the EASYSCAN software

4 Data Evaluation

After the experimentyou shouldhave saved differentimagesof the graphitesurfaceand at
leastthreel/z curves. For evaluating purposesthe STM softwarehasbeeninstalledin the
microcomputerroom. The softwareprovidesyou with tools to determinedistancesangles,
etc. Describeand print every imageyou have takenduring the experiment. If you describe
macroscopideaturegstepsjslands) calculatetheir sizeandheightanddiscusgheresults.On
the atomicscale,locatethe positionsof the carbonatomsandmeasurell importantdistances
andanglesn the unit cell. Discussyour results.

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

For printing your results,it is suggestedhatyou usethe laserprintersat the ZEDAT which are
accessiblérom the MC room.

5 SomeWords conceming the Report

Briefly describehow the STM works (physicalprinciplesandsetup).Describethe advantages,
disadantagesand applicationsof this instrument. Describethe experimentalsetupusedfor
your own experimentsandwhatyou have done. Describeyourimagesandthe I/z-curves. The
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Discussionof theresultsshouldbe at least25 % of thetotal lengthof your report.
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