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Abstract.  The structure of thin copper oxide layers which are formed on metallic Cu due to the exposure to air are 
investigated with Yoneda-XAFS and ReflEXAFS. The measured Yoneda-XAFS data were compared to quantitative 
model calculations in the framework of the distorted wave Born approximation (DWBA) assuming different model 
structures for the oxide layer. Yoneda-XAFS fine structure spectra measured for various different grazing angles show 
that the experimental data are best described by a model structure consisting of a duplex type oxide layer with an outer 
layer of CuO (tenorite) in direct contact with the gas atmosphere and an inner Cu2O (cuprite) layer at the interface to the 
underlying Cu metal.  

Keywords: Cu oxidation, EXAFS, ReflEXAFS, Yoneda-XAFS, X-ray scattering, grazing incidence. 
PACS: 61.10.Ht, 61.10.Kw, 81.05.Bx, 81.65.Mq 

INTRODUCTION 

Oxide layers on Cu have been intensively 
examined with electrochemical and optical technique 
as well as X-ray and UV-photoelectron spectroscopy 
(XPS and UPS) and X-ray reflectivity measurements 
[1,2]. For the electrochemical oxidation of Cu in 
alkaline media, there is general agreement that the 
oxidation proceeds in two well separated steps: 
Starting from a reduced metal surface, first a thin 
Cu(I) layer, mainly consisting of Cu2O is formed, 
while at higher potentials, a duplex type layer with a 
Cu(II)-oxide/hydroxide on top of the above mentioned 
Cu2O layer is formed [1,2]. While the atomic structure 
of thermally formed, thick (about 100 nm thickness) 
oxide layers on copper has been examined with X-ray 
diffraction [3] and X-ray absorption spectroscopy [4], 
only little is known about the structure of thin passive 
films on Cu surfaces, which are formed due to the air 
exposure of Cu metal. XPS and surface sensitive 
EXAFS investigations have shown that the films are 
mainly composed of Cu2O [4,5], but detailed structural 
investigations are still missing. We have therefore 
applied a combination of ReflEXAFS and Yoneda-
XAFS [6,7] for a detailed study of the oxide layers 
formed on Cu in air at room temperature.  

EXPERIMENTAL 

The copper sample was prepared on smooth float 
glass substrates by DC-sputtering (700 V, 80 mA) in 
an Ar atmosphere of 1 Pa resulting in a film thickness 
of about 90 nm as determined by X-ray reflectivity 
(XRR) measurements. The investigated sample was 
exposed to air for 48 hours to allow a native copper 
oxide film of some few monolayers to form. 

The presented X-ray experiments were performed 
at the X-ray undulator beamline BW1 at the DORIS III 
storage ring at Hasylab (Hamburg, Germany). A 
double-crystal monochromator with two flat Si(111) 
crystals was used. ReflEXAFS and Yoneda-XAFS 
data were collected at room temperature under ambient 
conditions. Incident and reflected intensities were 
measured by means of nitrogen- and argon filled 
ionization chambers. The incoming beam was 
collimated vertically to 120 μm and a second slit 
placed in front of the detector for the reflected 
intensities defined the acceptance angle for the 
ReflEXAFS and Yoneda-XAFS measurements to 
0.04° and 0.10°, respectively.  

RESULTS AND DISCUSSION 

In Fig. 1 Yoneda-XAFS measurements from a Cu 
thin film after 48 h of exposure to air are presented for 



several different grazing angles αi. According to the 
angular position of the Yoneda peak, the detector 
angle was set to αf = 0.290°. 
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FIGURE 1.  Yoneda-XAFS measurements of an air-
oxidized Cu sample in the vicinity of the Cu-K edge for two 
different incidence angles as indicated and αf =0.29°. The 
extracted fine structure χY(k)*k from the measurement at 
αi = 0.7° is depicted in the insert.  

 
For the further data evaluation, the X-ray 

reflectivity R above the absorption edge is split into a 
smooth part R0 and an oscillatory part ΔR with 
R = R0 + ΔR and the reflectivity fine structure 
χY = ΔR(E)/R0(E) [6,7] is calculated. In the insert of 
Fig. 1, k-weighted data for χY(k)*k are presented for 
αi=0.70°. Although the absolute intensity of the 
measured Yoneda-XAFS data is approximately four 
orders of magnitude smaller compared to typical 
ReflEXAFS measurements, the data quality is 
comparable to that of conventional ReflEXAFS, and 
fine structure oscillations with very low noise are 
visible up to k > 10 Å-1. 

In Fig. 2, normalized magnitudes of the Fourier-
transforms (FT´s) of several k-weighted Yoneda-
XAFS data measured for two different glancing angles 
are presented. In addition, the FT´s of ReflEXAFS 
experiments of the same sample are also shown for 
different incidence angles, and both data sets are 
compared to the FTs of polycrystalline Cu, Cu2O 
(cuprite) and CuO (tenorite) measured in transmission 
mode. Both the FT´s of the ReflEXAFS and the 
Yoneda-XAFS contain characteristics of metallic Cu 
as well as of Cu-oxide, i.e. the peak at about 1.5 Å 
radial distance corresponds to the first Cu-O neighbour 
distance, the peak at 2.15 Å corresponds to the first 
Cu-Cu neighbour of the metal and the peak at 2.75 Å 
corresponds to the first Cu-Cu distance in the oxide. 
For the ReflEXAFS data, the oxide contributions in 
the FTs decrease with increasing angle as can be 
expected due to the resulting increase of the X-ray 

penetration depth from about 2.7 nm for αi=0.185° and 
z0=25.4 nm for αi=0.35°. In comparison to the 
ReflEXAFS data, the intensity ratio of the Cu-O 
coordination with respect to the first Cu-Cu peak is more 
pronounced in the FT´s of the Yoneda-XAFS data, 
because the diffuse scattering and thus the Yoneda peak 
originates from lateral inhomogeneities [8], which 
typically occur at surfaces or interfaces. In contrast, 
contributions of the bulk of the film have only negligible 
influence on this intensity (see, e.g. [8]). 
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FIGURE 2.  Normalized magnitude of the FT´s determined 
from ReflEXAFS measurements (ΔR(k)*k, αi=0.185° and 
αi=0.350°) and Yoneda-XAFS experiments (χY(k)*k, 
αi=0.7° and αi=0.8°) of an oxidized Cu sample in 
comparison to transmission mode EXAFS experiments of Cu 
metal, Cu2O and CuO (χ(k)*k), respectively. The data are 
not phase-shift corrected. (k-range for the FT: 1.75  Å-1≤ k ≤ 
11 Å-1, Hanning window function). The data are vertically 
shifted by 0.5 units.  

 
The theoretical treatment and the data analysis of 

the Yoneda-XAFS is more complicated than that of 
conventional transmission mode X-ray absorption 
spectroscopy, since both the real and the imaginary 
part of the complex refractive index as well as the 
surface and interface roughness contribute to the off-
specular reflectivity fine structure. Thus, besides the 
real and imaginary part of the refraction index, three 
more parameters for the complete description of the 
roughness, namely the rms-roughness σ, the lateral 
correlation length ξ and the Hurst parameter h, are 
needed. For the analysis quantitative model 
calculations in the framework of distorted wave Born 



approximation (DWBA, see e.g. [8]) were done, 
assuming two different models for the structure of the 
native oxide film. The first one consists of a simple 
Cu2O-layer on copper while the second employs a 
multilayered duplex oxide layer consisting of a 
CuO/Cu2O/Cu structure. The needed complex 
refractive indices were extracted form transmission 
experiments of reference compounds by a Kramers-
Kronig analysis. The results of these calculations are 
compared to the experimental data in Fig. 3.  
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FIGURE 3.  Fourier-transforms of k-weighted non-specular 
reflectivity fine structure data: Comparison of the 
experimental data (solid line) with model calculations 
assuming a single Cu2O-layer (5.3 nm thickness) on copper 
(dash-dotted line) and a duplex layer consisting of a 
multilayered duplex oxide layer consisting of a CuO 
(1.3 nm)/Cu2O (2.0 nm)/Cu structure (dashed line). The 
model calculations were performed in the framework of the 
DWBA. (The data are not corrected for phase shifts. k-range 
for the FT: 1.75 Å-1 ≤ k ≤ 11 Å-1. Hanning windows.)  

 
For the calculations, the surface and interface 

roughness of the oxides were set to 1.0 nm each, and 
the roughness of the inner Cu-substrate interface was 
set to 0.4 nm. The correlation length was set to 50 nm 
for all the oxide surfaces and interfaces, and 70 nm for 
the inner oxide-Cu metal interface. These values were 
obtained by analysing X-ray scattering data (detector 
and rocking scans) and agree qualitatively with ex-situ 
AFM investigations of air exposed, oxide covered Cu 
thin films [9]. The values for the Hurst Parameter were 
set to 1.0.  In the case of the single oxide layer model, 
the best fit was obtained for a Cu2O-layer thickness of 
5.3 nm, while the duplex oxide layer model best fitted 
to the experimental data for 1.3 nm CuO on 2.0 nm 
Cu2O on the Cu metal. 

The position of the first Cu-O shell of the copper 
oxide and the first Cu-Cu shell of the copper metal can 
be reproduced very well by all the calculations. 
However, the intensity of the first Cu-O coordination 
is not described adequately assuming a single Cu2O 
layer only. These model calculations suggest a 

considerably lower intensity of this peak, while on the 
other hand significantly higher contributions are 
resulting for both the Cu-Cu interaction of the metal 
substrate at 2.3 Å as well as for the Cu-Cu peak of 
Cu2O at 2.8 Å. In contrast, assuming a duplex layer 
consisting of 1.3 nm CuO and 2.0 nm Cu2O reproduce 
the intensity and the shape of the Cu-O peak correctly. 
In addition, although the total thickness of the duplex 
structure is smaller than that of the single Cu2O layer, 
the intensity of the Cu-Cu peak of the metal substrate 
is significantly reduced in intensity, resulting in a 
closer fit of the experimental data. Further the 
reproduction of the intensity of the Cu-Cu peaks 
belonging to the oxide layer in the radial distance of 
2.8 Å to ca. 3.6 Å is obviously improved.  

CONCLUSIONS 

We have presented Yoneda-XAFS investigations 
for air exposed Cu thin films. The comparison of the 
experimental data with those of model calculations 
strongly suggests the presence of a duplex type 
structure of the Cu-oxide (passive) layer with an outer 
CuO part of ca. 1.3 nm thickness and an inner Cu2O 
layer of about 2.0 nm. The experiments suggest that 
especially the application of the Yoneda-XAFS 
technique is very promising for detailed structural 
investigations of surface phenomena such as 
electrochemical oxidation and reduction of metals or 
the study of corrosion resistant passive layers.  

ACKNOWLEDGMENTS 

We are indebted to U. Haake, D. Novikov, and 
B. Griesebock for their help at the beamline. The 
experiments were financially supported by the MWF 
Nordrhein-Westfalen and HASYLAB.  

REFERENCES 

1.  H.-H. Strehblow and B. Titze, Electrochim. Acta 25, 
839-850 (1980). 

2.  H.-D. Speckmann, S. Haupt and H.-H. Strehblow, Surf. 
Interface Anal. 11, 148-155 (1988). 

3.  B. Borie, Acta Cryst. 13, 542-545 (1960). 
4.  D.A. Fisher, G.G. Cohen and N.J. Shevchik, J. Phys. 

F10, L139-L142 (1980). 
5. E. Apen, B.R. Rogers and J.A. Sellers, J. Vac. Sci. 

Technol. A 16, 1227-1232 (1998). 
6.  P. Keil, D. Lützenkirchen-Hecht and R. Frahm, 

Europhys. Lett. 71, 77-83 (2005). 
7.  P. Keil, D. Lützenkirchen-Hecht and R. Frahm, Physica 

B 357, 1-5 (2005). 
8. S.K., Sinha, E.B. Sirota, S. Garoff and H.B. Stranley, 

Phys. Rev. B. 38, 2297-2311 (1988). 
9.  P. Keil, Ph.D. thesis, University of Wuppertal (2005). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


