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Defects in diamond films, produced by the hot filament chemical vapour deposition (HF CVD) of
methanol and hydrogen mixture as function of gas composition, were investigated by electron
paramagnetic resonance (EPR), scanning electron microscopy (SEM) and Raman spectroscopy
measurements. We found an isotropic g-value (2.003+0.0002) independent of growth conditions.
The peak-to-peak of EPR line width changes from 0.3 to 0.6 mT and the spin density increases
from 2.3-10'7 to 3.2:10'® spin/cm > with increasing concentration of methanol vapour. The EPR
line in general shows double character and was found to be superposition of two components,
a narrower Lorentzian and a broader Gaussian, suggesting the existence of two different types of
defects in diamond layer. EPR measurements were supported by SEM observation.
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1. Introduction

The growth of diamond at low pressures, using chemical vapour deposition (CVD)
methods, is an interesting problem both in the growth of crystals and potential
applications. The mechanical, thermal, optical and electrical properties of diamond are
extremely attractive to technological interest [1—3]. While the mechanical and thermal
properties of thin diamond films may not be strongly dependent on point defects,
the optical and electrical properties may be dominated by such type of defects. Despite
the significant progress in the field of diamond growth, the fundamental scientific
problems remain still unresolved. One of them is the question of diamond nucleation
and growth under conditions where diamond should be thermodynamically unstable
relative to graphite. In such conditions the co-deposition of amorphous carbon phase
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is very probable. This phase of carbon structure in the diamond film is an additional
source of defects, which could be paramagnetic in nature. Electron paramagnetic
resonance (EPR) is a powerful technique to study the paramagnetic point and extended
defects.

Natural and high-pressure high-temperature synthetic diamonds were extensively
studied by EPR and an excellent review article was published by LouBser and
vaN WK [4]. In this paper, we have studied the defect structures in different quality
diamond films using EPR and SEM techniques.

2. Experimental

The randomly-oriented polycrystalline diamond films were grown in hot filament
CVD reactor. All the films were grown on (100) oriented n-type Si substrate with
resistivity of 2 Qecm. The growth conditions were almost the same for all samples,
namely: hot filament was operated at a temperature of 2400 K, CH;OH/H, flow
ratio changed from 0.5 to 2.0%, substrate temperature was kept at 1100 K. Before
diamond deposition, in order to enhance diamond nucleation density, the substrate
was mechanically polished with diamond powder in order to introduce the surface
defects acting then as diamond nucleation centers. After polishing the substrate was
washed in ultrasonic bath with methanol and deionized water. The total gas pressure
in the reactor was 50 mbar. SEM picture was taken using Jeol-820 scanning electron
microscope working at 25 kV. The EPR spectra were recorded in air at room
temperature by Varian X-band EPR spectrometer.

3. Results and discussion

The surface morphology of the diamond films investigated was found to depend on
methanol concentration in working gas mixture (see Figs. 1-3). The diamond film
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Fig. 1. SEM picture of diamond morphology synthesized at: 0.5% concentration of methanol vapour and
corresponding EPR spectrum (inset: peak-to-peak line widths for Lorentzian (L) and Gaussian (G)
components).
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Fig. 2. SEM picture of diamond morphology synthesized at: 1% concentration of methanol vapour and
corresponding EPR spectrum (inset: peak-to-peak line widths for Lorentzian (L) and Gaussian (G)
components).
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Fig. 3. SEM picture of diamond morphology synthesized at: 2% concentration of methanol vapour and
corresponding EPR spectrum (inset: peak-to-peak line widths for Lorentzian (L) and Gaussian (G)
components).

synthesized at the methanol vapour concentration of 0.5% shows clear, well-faceted
crystal features. The sizes of the microcrystals are of the order of 3—6 um. With
increasing methanol vapour concentration to 1% the microcrystals have still clear
crystalline feature but their sizes decrease to the value of 1 um or even less. At
the highest methanol vapour concentration equal to 2% the morphology of the film
obtained loses the crystalline character and shows “ball-like” feature. Each of the balls
is composed of many crystallites of the nanometer in size.

All the diamond films investigated were found to show symmetrical EPR resonance
line shape which can be deconvoluted into two components, a narrower Lorentzian (L)
and a broader Gaussian (G') component, as shown in Figs. 1-3.

The procedure used for deconvolution is a nonlinear best fit based on the Marquardt
method [5]. From Figures 1-3 it is clearly seen that the EPR line changes its shape,
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e.g., intensity (this must be normalized taking the mass of the samples into account)
and peak-to-peak line width with increase of methanol concentration.

The estimated spin densities from the EPR spectra presented in Figs. 1-3
are respectively: 2.3-10'7 spin/em™, 7.8:10'7 spin/em™ and 3.2:10'® spin/cm™. This
means that diamond films become more and more defective, which was already
observed [6].

The most important aspect of this study is that the HF CVD technique of
diamond synthesis results in a variety of their morphologies, which strongly depends
on the working gas composition. During the diamond growth process there is
a competition between the diamond and graphite phase deposition. At higher
hydrocarbon concentrations in the working gas the co-deposition of amorphous,
graphite-like phase becomes more probable. This is clearly seen in EPR spectra
(Fig. 2). Generally, it is assumed that G component of EPR spectrum is responsible
for paramagnetic defects associated with amorphous carbon phase and L component
is ascribed to the point defects in diamond crystal lattice [7—9].

The ratio of integral intensities of L to the G components of EPR spectra decreases
with hydrocarbon concentration increasing, indicating an increase of the amorphous
carbon admixture. The EPR lines broaden especially their G components, which is
in agreement with the fact that spin concentration also increases. EPR observations
are in agreement with an evolution of the morphology of diamond films. As is seen
from Figs. 1-3, with increasing hydrocarbon concentration in the working gas
the morphology changes dramatically and microcrystals become smaller and density
of grain boundaries increases. We speculate that the amorphous carbon phase is
deposited between grains rather than inside the diamond structure.

4. Conclusions

This work demonstrates the use of EPR and SEM techniques as a powerful tool for
characterization of diamond films. SEM pictures show the evolution of diamond film
morphology from the well defined polycrystalline structure to the ball-like structure
depending on hydrocarbon concentration in the working gas.

Each diamond sample is characterized by symmetrical EPR line having double
character.

Each EPR spectrum was composed of two components, Lorentzian and Gaussian.
Gaussian component increases faster with an increase of hydrocarbon concentration
than Lorentzian one, indicating faster co-deposition of amorphous carbon phase. EPR
and SEM observation are in good agreement and confirmed that EPR technique is
a powerful technique for diamond quality estimation.
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Electron paramagnetic resonance and scanning electron microscopy characterization ... 837

References

[1] KaLisH R., The search for donors in diamond, Diamond and Related Materials 10(9—-10), 2001,
pp. 1749-1755.

[2] MizuocHi N., OGURA M., WATANABE H., Isoya J., OkusHI H., YAMASAKI S., EPR study of hydrogen-

-related defects in boron-doped p-type CVD homoepitaxial diamond films, Diamond and Related
Materials 13(11-12), 2004, pp. 2096—2099.

[3] Pe1 SanN Siew, Kian PING Lon, WEI CHOONG PoH, HENG ZHANG, Biosensing properties of
nanocrystalline diamond film grown on polycrystalline diamond electrodes, Diamond and Related
Materials 14(3-7), 2005, 426—-431.

[4] Lousser J.H.N., vaN WYK J.A., Electron spin resonance in the study of diamond, Reports on Progress
in Physics 41(8), 1978, pp. 1201-1248.

[5] MARQUARDT D.W., An algorithm for least-squares estimation of nonlinear parameters, Journal of
the Society for Industrial and Applied Mathematics 11(2), 1963, pp. 431-441.

[6] DuosHENG L1, DUNWEN Zuo, WENZHUANG LU, RONGFA CHEN, BINGKUN X1ANG, MIN WANG, Effects
of methane concentration on diamond spherical shell films prepared by DC-plasma jet CVD, Solid
State Ionic 179(21-26), 2008, pp. 1263 -1267.

[7] Orzeszko S., Bara W., FaBisiak K., RozrrocH F., DC conductivity and ESR of hydrogenated
amorphous carbon films, Physica Status Solidi (a) 81(2), 1984, pp. 579-584.

[8] Viana G.A., Lacerpa R.G., FrRelrRe F.L., MarQues F.C., ESR investigation of graphite-like
amorphous carbon films revealing itinerant states as the ones responsible for the signal, Journal of
Non-Crystalline Solids 354 (19-25), 2008, pp. 2135-2137.

[9] STEsMaNs A., NoUWEN B., IakouBovskii K., Electron spin resonance characterization of a divacancy-
-related centre in CVD diamond, Journal of Physics: Condensed Matter 12(35), 2000, pp. 7807—7818.

Received June 23, 2009
in revised form July 29, 2009




<<
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


