Quantum interference depression in thin metal films with ridged surface

Avto Tavkhelidze*, Vasiko Svanidze and Irakli Noselidze
Thilisi State University, Chavchavadze Avenue 13, 0179 Tbilisi, Georgia
"Corresponding author: avtotav@geo.net.ge

Thanks to recent development of nanoelectronics, devices such as resonant tunneling
diodes and transistors, super-lattices, quantum wells, and others, based on wave properties of
electrons are fabricated. We discuss what happens when low dimensional regular indents are
fabricated on the surface of a thin metal film. Using corresponding theoretical methods, we
study the free electron inside a potential-energy box with ridged wall and compare the results
to the case with plane walls. It was shown that, ridged geometry of the wall leads to
Quantum Interference Depression (QID), or reduction of the density of quantum states for the
electron. Results obtained for the potential-energy box were extrapolated to the
low-dimensional metals (thin metal films). QID leads to increase of the Fermi level and
corresponding reduction of the work function. Experimental possibility of fabricating such
indents on the surface of a thin metal film was studied.

Assume a rectangular potential-energy box, with one of the walls modified as shown in
Fig.1. The indents on the wall have the shape of strips of depth of @ and width w. We name
the box shown on Fig.1 as Ridged Potential-Energy Box (RPEB) to distinguish it from the
ordinary Potential-Energy Box (PEB). The time-independent Schrodinger equation for an
electron wave function inside the RPEB can be rewritten in the form of Helmholtz equation

(V24K ¥=0, (1)

where ¥ 1s wave function and k is wave vector. For the case a/2L, <<l we use the volume
perturbation method to solve the Helmholtz equation [1]. The big rectangular box is regarded
as the Main Volume (MV) and the total volume of strips is regarded as the Additional Volume
(AV) (Fig.2). Let Wm(x, y, z) be the wave function of electron in the MV and W,(x, y, z) in the
AV. The matching conditions will be ¥,,= W¥,, and an equation of partial derivatives of ¥
from two sides, for all points of the connection area. Analysis show that maximized spectrum
of wave vector k in RPEB is following:

kK* =mpla, X ~=nqw, K =ni/L,. (2)

Here, k*,, k¥, and k% are x, y, z components of wave vectors and p, ¢, i=1,2,3... Eq.2
indicates the dramatic reduction in spectrum density of x and y components of wave vector,
compared to spectrum density of PEB (k*,= nn/Ly, k*; =nj/L, , k* ;=mni/L,).

For the case of larger a/2L, different method was used. The general solution of Eq.1 in
such a complicated geometry exhibits several problems. A complicated surface shape does
not allow finding an orthogonal coordinate system that will permit separating of variables.
However, there are methods that allow one to obtain a dispersion equation and to calculate the
wave vector. We used the method of solving Eq.1 inside the corrugated waveguides [1].
Method is based on finding the roots of transcendental equation. We found numerical
solutions for high a/2L, and obtained the same result, namely the dramatic reduction of the
spectrum density for RPEB relative to PEB.
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To extrapolate results obtained for RPEB to low-dimensional metal we use a quantum
model of free electrons. For T>0, there are two types of free electrons inside the Fermi gas.
Electrons with k=kg interact with their environment and define the transport properties of
metals. Electrons with k<< kr do not interact with the environment, because all quantum
states nearby are already occupied by other electrons. Such electrons are ballistic and have
formally infinite mean free path. This feature allows us to regard them as planar waves,
traveling between the walls of the low-dimensional metal. Further, we will concentrate on
such ballistic electrons. Once we work with electrons having infinite (or very long) mean
free paths, we can regard the low-dimensional metal as a potential-energy box and extrapolate
our calculations to it [2]. We found that in metal films with ridged surface, the volume of
elementary cell in k space increase because of QID. Electrical neutrality requires that the
same (normalized to volume) number of electrons occupy separate quantum levels.
Therefore Fermi sphere expands and Fermi vector increase to the wvalue
kr= k¢ [Ly(L« +a/2)/(aw)]l/3. Here kg 1s Fermi vector in ridged film and kr is Fermi vector in
plain film. For Fermi energy we find

Er= Er + o Er { [Ly(L, +a/2)/(aw)]*’ - 1}, (3)

where Er and Er are Fermi energy of ridged and plain films. In practice, electron de Broglie
wave will scatter on nonregularityes such as grain boundaries inside the film and roughness
on the surface. This reduces QID waveband. Corresponding reduction constant 0<o,<1 is
introduced in Eq.3 to adjust it to particular set of nonregularityes. For ideal single crystal
with zero surface roughness a,=1.

We show that, in the low-dimensional metal films with ridged surface, QID effect reduce
the energy spectrum density for electrons and increase the Fermi energy. Using volume
perturbation method we calculate approximate analytical expression for the relative increase
of the Fermi energy. Our resent experiments show reduction of work function in Au, Nb and
SiO, thin films with ridged surface [3]. Experimental results are in qualitative agreement
with Eq.3.
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Fig.1 3D view of RPEB. Fig.2 Box with ridged wall, divided it two.

<«

[1] VM. Sedykh, Waveguides With Cross Section of Complicated Shape (Kharkhov Univ. press, 1979), p.16.
[2] V.V. Pogosov, V.P. Kurbatsky, and E.V. Vasyutin, Phys. Rev. B 71, 195410 (2005).
[3] A. Tavkhelidze et. al , J. Vac. Sci. Technol. B 24, 1413 (2006).

1-4244-1134-3/07/$25.00©2007 47

Authorized licensed use limited to: New York University. Downloaded on November 26, 2008 at 11:47 from |IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for IEEE Xplore. Created 15 December 2003.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


