
Sc
hl

üs
se

lt
ec

hn
ol

og
ie

n
K

ey
 T

ec
hn

ol
og

ie
s

47

STM beyond vacuum tunnelling: Scanning Tunnelling  
Hydrogen Microscopy as a route to ultra-high resolution

Christian Weiss

M
itg

lie
d 

de
r 

H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

Schlüsseltechnologien / Key Technologies
Band / Volume 47
ISBN 978-3-89336-813-6

C
hr

is
tia

n 
W

ei
ss

ST
H

M
  a

s 
a 

ro
ut

e 
to

 u
ltr

a-
hi

gh
 r

es
ol

ut
io

n



Forschungszentrum Jülich GmbH
Peter Grünberg Institute (PGI)
Functional Nanostructures at Surfaces (PGI-3)

STM beyond vacuum tunnelling:  
Scanning Tunnelling Hydrogen Microscopy  
as a route to ultra-high resolution

Christian Weiss

Schriften des Forschungszentrums Jülich
Reihe Schlüsseltechnologien / Key Technologies Band / Volume 47

ISSN 1866-1807  ISBN 978-3-89336-813-6



Contents

Preface 1

1 Introduction 3

2 Theoretical background and important progressions of the STM 7
2.1 Scanning tunnelling microscopy . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Tunnelling Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Electrode-vacuum-electrode contact . . . . . . . . . . . . . . . . . . 12
2.1.3 Theoretical approach . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1.4 Tersoff-Hamann-Theory . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Dynamic force microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.1 AFM operation modes . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2.2 FM-AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.3 qPlus AFM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Advancements based on STM/AFM . . . . . . . . . . . . . . . . . . . . . . 23
2.3.1 Improving the image contrast . . . . . . . . . . . . . . . . . . . . . 24
2.3.2 Spectroscopy and secondary signals . . . . . . . . . . . . . . . . . . 26

3 Preparation of STHM experiments 31
3.1 Preparation of organic layers . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Preparation of the tip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3 Adsorption of hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.4 Preparation of the STHM tip . . . . . . . . . . . . . . . . . . . . . . . . . 38

4 Examples of STHM images 41
4.1 Image contrast: organic molecules . . . . . . . . . . . . . . . . . . . . . . . 41

4.1.1 PTCDA/Au(111) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1.2 Pentacene/Ag(111) . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.1.3 Tetracene/Ag(110) . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1.4 SnPc/Ag(111) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2 Contrast variation: PTCDA . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.1 Distance dependence . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.2.2 Tip dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3 STHM imaging of intermolecular interactions . . . . . . . . . . . . . . . . 59
4.3.1 PTCDA/Au(111) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

I



Contents

4.3.2 Dehydrogenized PTCDA/Au(111) . . . . . . . . . . . . . . . . . . . 66
4.3.3 Metal-molecule bonds in K/PTCDA layer . . . . . . . . . . . . . . 68

4.4 Atomic resolution of metal clusters . . . . . . . . . . . . . . . . . . . . . . 72

5 Formation of the geometric contrast 75
5.1 Spectroscopic characterization of the STHM junction . . . . . . . . . . . . 75

5.1.1 Evolution during deposition . . . . . . . . . . . . . . . . . . . . . . 76
5.1.2 Switching On/Off STHM contrast . . . . . . . . . . . . . . . . . . . 78
5.1.3 D2 coverage in the active part of the junction . . . . . . . . . . . . 79
5.1.4 Structural state of the junction during imaging . . . . . . . . . . . 80
5.1.5 Dependence of the conductance on the tip-sample distance . . . . . 83
5.1.6 STHM resolution at different tip-sample separations . . . . . . . . . 87

5.2 Ab initio calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3 Qualitative model: sensor/transducer . . . . . . . . . . . . . . . . . . . . . 93

5.3.1 Visualization at Au dimer . . . . . . . . . . . . . . . . . . . . . . . 95
5.3.2 Contrast formation above PTCDA . . . . . . . . . . . . . . . . . . 97

5.4 Testing the model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.4.1 Atomic resolution of clean metal surface . . . . . . . . . . . . . . . 98
5.4.2 Expectable corrugation without D2 . . . . . . . . . . . . . . . . . . 100
5.4.3 Evidence of D2 in the junction . . . . . . . . . . . . . . . . . . . . . 101
5.4.4 Influence of D2 on the junction conductance . . . . . . . . . . . . . 103
5.4.5 Contrast formation . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.5 Attempt of quantification: calibration of the force sensor . . . . . . . . . . 112
5.5.1 Force on the tip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6 Outlook: Forthcoming method development 121
6.1 Lateral maps of the interaction potential . . . . . . . . . . . . . . . . . . . 122
6.2 Dynamics in the STHM junction . . . . . . . . . . . . . . . . . . . . . . . 132

6.2.1 Scattering processes . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7 Summary 135

Bibliography 139

Acknowledgements 159

List of Acronyms 161

List of Figures 165

II



Sc
hl

üs
se

lt
ec

hn
ol

og
ie

n
K

ey
 T

ec
hn

ol
og

ie
s

47

STM beyond vacuum tunnelling: Scanning Tunnelling  
Hydrogen Microscopy as a route to ultra-high resolution

Christian Weiss

M
itg

lie
d 

de
r 

H
el

m
ho

ltz
-G

em
ei

ns
ch

af
t

Schlüsseltechnologien / Key Technologies
Band / Volume 47
ISBN 978-3-89336-813-6

C
hr

is
tia

n 
W

ei
ss

ST
H

M
  a

s 
a 

ro
ut

e 
to

 u
ltr

a-
hi

gh
 r

es
ol

ut
io

n



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




