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INTRODUCTION

MeV ion beam implantation is an effective tool to
microfabricate graphitic structures buried inside the
diamond crystal. Since the process of damage induced by
energetic (MeV) ion is not uniform, a high density of
vacancies is mainly introduced few micrometers below the
sample surface promoting the amorphization of that region.
After high temperature thermal treatments the amorphous
layer converts to graphite while the cap layer (i.e. the low-
damaged region) restores its diamond structure.

The use of variable-thickness masks on the diamond
surface allows the tuning of the ion penetration depth in
order to realize channels with emerging endpoints, with
promising applications in radiation detection and bio-
sensing [1,2].

In the present paper we report about the Electric Force
Microscopy (EFM) characterization of these buried
graphitic channels.

GRAPHITIC CHANNEL MICROFABRICATION

lon Implantation is performed on a synthetic
single-crystal diamond that is produced by HPHT (High
Pressure High Temperature) process, it is classified as type
Ib due its contents of substitutional nitrogen ([N] ~10 +
100 ppm). The crystal is cut along the [100] plane and it is
polished only on one large face.

The sample was implanted at the AN2000 accelerator of
the INFN - Legnaro National Laboratories with a focused
1.2 MeV He"* ion beam at fluence of ~1x10" cm™. The
beam spot size was ~10 um and the beam current was
comprised between 2 and 3 nA.

Before the implantation process, three quadrants of
diamond’s surface were covered with a copper layer in
order to reduce the ion penetration depth without
modifying the beam energy: two quadrants were covered
with a 1 um thick layer and a quadrant was covered with a
0.5 pum thick layer, while the fourth quadrant was not
metalized. After this step, further metal deposition of
variable-thickness masks was realized in order to implant
channels with emerging end-points [3-6].

Four structures were realized: two channels were
implanted on the uncovered quadrant creating highly-
damaged layers ~2 pm below the surface; a second
channel was implanted through the 0.5 pum thick layer
resulting in the formation of damaged layers at ~1.5 pm

depth; finally, one shallow channel was created 1 pm
below the sample surface by implantation through the 1
um layer. Figure la shows a schematic of the sample in
which the metal depositions and the channels position are
indicated while the geometry of channels emersion due to
variable-thickness masks is shown in figure 1b.

Fig. 1. a) schematic of sample in which black lines represent the
graphitic channels and the green structures are the metal
depositions (not in scale); b) cross-section of channel and
variable thickness mask; c) optical micrograph of implanted
diamond after thermal treatment.

Thermal annealing at 900 °C for 1 hour was performed
in order to induce the graphitization of the highly-damaged
buried region. An optical micrograph of the channels after
the thermal treatment is shown in figure 1c.

Finally, the channels end-points were provided with
metal pads: a Cr/Cu deposition was followed by 400 °C
heating for 1 hour in order to create a conductive carbide
compound with chromium. Here we report on the EFM
characterization of the 1-um-deep channel.

EFM CHARACTERIZATION

One end of the channel was kept at a bias voltage with a
Keithley 614 electrometer used as a voltage source. A Park
Scientific XE-100 Atomic Force Microscope (AFM) and
rectangular Au-Cr-coated cantilevers (NSC-14 Cr-Au,
MikroMash) were used for this study. Cantilevers have a
spring constant around 5.7 N m™, and resonance frequency



between 160 and 170 kHz. The AFM topological maps
(both amplitude and phase signals) and the EFM maps
(amplitude signal) were simultaneously recorded in non-
contact mode. The frequency of vibration of the cantilever
was fixed to a value slightly above its resonance
frequency. Electrostatic forces were detected at lock-in
frequency o = 17 kHz. The ac voltage applied to the
cantilever tip was set to V,. = 2.5 V.

The typical scanning area was 35x35 pm? at a scanning
rate of 0.5 Hz. All measurements were performed at room
temperature.

The EFM amplitude image is constructed from the
first-harmonic () component of the force between tip and
sample surface [7]. In general, this force is a combination
of electrostatic and capacitive forces:

oC
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where C; is the capacitance of the tip—surface
configuration, Q; = C-Vy is the charge induced on the tip,
E; is the electrostatic field due to the fixed charges on the
sample surface, dCy/dz is the derivative of the tip—surface
capacitance with respect to tip—surface distance, Vg4, and
V, are respectively the dc and ac voltages applied to the
tip, and V5 is the surface potential. In our set-up the dc
voltage was applied to the buried channel.

Fig. 2. AFM 3D topography image of the diamond surface above
the 1 pum deep channel.

The AFM topography map and 3D reconstruction of the
diamond surface above the channel are reported
respectively in figure 2.

It can be noted that a pronounced swelling of ~100 nm is
localized at the implanted area. This is a well know effect
[8] due the lower density of the graphite channel with
respect to the diamond’s one.

Figure 3a shows the EFM amplitude image taken with an
applied voltage to the buried channel of V4 = +3.5 V,
while figure 3b refers to an applied voltage of V4.=-3.5 V.

In figure 3c we report a comparison between the EFM
amplitude profiles along the horizontal axis in figure 3a
and 3b for the two different values of Vy. The profiles
were averaged along the vertical axis to improve signal
statistics.

There are three factors contributing to the EFM signal
(see equation 1): i) the potential difference between the tip
and sample, ii) the capacitance of the tip-sample
configuration and iii) the electrostatic interaction between
the tip and fixed charges on the sample surface.

The electrostatic contribution can be excluded as source
of the contrast in figure 3a and 3b because the difference
between the EFM amplitude signal directly above the
buried channel and the EFM amplitude signal outside this
region strongly depends on the absolute value of V.

Regarding the other two contributions, the signal
contrast must be attributed to a capacitance variation,
because EFM images taken by reversing the polarization
are similar and not strictly complementary (see figure 3c)

[9].
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Fig. 3. EFM amplitude maps of the diamond surface above the
channel. The voltages applied to the channel with respect to the
tip are Vg = +3.5 V (@) and Vg = -3.5 V (b). ¢) comparison
between EFM profiles acquired at V4. = +3.5 V e Vg = -3.5 V.
Profiles are averaged along the vertical axis in figure 3a and 3b in
order to improve the signal statistics.

CONCLUSIONS

The preliminary results presented in this paper indicate
that Electric Force Microscopy is a insightful technique to
probe buried graphitic channels in diamond. Future
activities will be focused on characterize the other
channels implanted at different depths and in different
voltage configurations.

[1] J. Forneris et al., Nucl. Instr. Meth. Phys. Res. B, DOI:
10.1016/j.nimb.2012.12.056, in press (2013).

[2] F. Picolloetal., Adv. Mater., accepted for publication
(2013).

[3] P. Olivero et al., Diamond Relat. Mater. 18 (2009) 870.

[4] P. Olivero etal., Eur. Phys. J. 75 (2010) 127.

[5] F.Picolloetal., Diamond Relat. Mater. 19 (2010) 466.

[6] F.Picolloetal., New J. Phys. 14 (2012) 053011.

[7] F. Saurenbach and B. D. Terris, Appl. Phys. Lett. 56 (1990)
1703.

[8] F.Bosiaetal., Nucl. Instr. Meth. B 268 (2010) 2991.

[9] L. Yonghuaetal., Phys. Rev. Lett. 97 (2006) 076805.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /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 false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /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 700
  /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 0.76
    /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
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 700
  /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 1400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 <>
    /DEU <>
    /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.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


