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Abstract - We report the single carrier 
transport properties in the p-dopedlless-doped 
graphene nanoconstriction structures. In the doped 
graphene devices, the overlapped Coulomb diamond 
characteriatics are observed around the charge 
neutrality point (CNP) at 5 K. Reducing doping in 
graphene by annealing, the periodic peaks appear in 
the certain gate voltage range around the CNP. 
Additionally, the non-overlapped Coulomb diamond 
characteriatic is observed. These results suggest that 
unintentional charging island formation in graphene 
nanodevices cau be avoided by decreasing the doping 
concentration. 

1. INTRODUCTION 

Spin of electron in graphene quantum dots is a 
promising candidate for the implementation of the spin 
qubit in solid states [I]. Hence, the investigation of 
single carrier transport property in graphene is required. 
However, the single carrier tunneling at the inherent 
Dirac point (zero voltage) has not been observed due to 
unintentional doping in graphene [2]. Moreover, edge 
roughness and doping give rise to the uncontrollable 
formation of multiple charging islands in graphene, 
obstructing the single carrier transport operation [3]. To 
obtain the reliable single carrier property in graphene, it 
is imperative to examine its influence in detail. Here we 
study the doping effect on single carrier transport 
(Coulomb blockade) in graphene nanodevices. 

II. DEVlC'E FABRICATION AND MEASUREMENTS 

The devices were fabricated based on chemical­
vapor-deposition-grown graphene on a heavily doped­
Si substrate with the 300-mn-thick-Si02 layer, which 
was used as the back gate. By conventional electron 
beam lithography processes, Crl Au metal contacts were 
fabricated. The graphene channel was patterned. by 
plasma etching using a hydrogen silsesquioxane mask 
into the constriction structure (Fig. 1) to reduce the 
influence of edge roughness as much as possible. In 
order to investigate the doping effect, we compared the 
device characteristics before and after annealing, which 
shifts the CNP position (i.e., doping concentration) [4]. 
Two terminal direct current measurements were 
performed in the vacuum of -I 0" Pa at the temperature 
range of 5-300 K. 

III. RESULTS AND DISCUSSION 

In the gate characteristic before annealing shown in 
Fig. 2, the CNP was located in gate voltage V. > 40 V at 
300 K, meaning the heavily p-doped graphene owing to 
doping from the adsorption of oxygen and moisture, or 
remained water or contaminations at the interface 
between graphene and a substrate [4]. At 5 K, the 
oscillation characteristic was observed. The Coulomb 
diamond plot showed the overlapped conductance 
blockade region (Fig. 3). The charging energy is roughly 
estimated to be -2.5 me V. These results can be 
attributed to the multiple charging islands formation in 
the constriction and sourceldrain regions. 

Shifting the CNP to V. - 0 V (after annealing), 
Coulomb oscillation was also observed around the CNP 
at 5 K (Fig. 4). In contrast to that before annealing, the 
periodic peak spacing of -2.6 V was observed. In 
addition, the Coulomb diamond plot showed the non­
overlapped blockade regions (Fig. 5), reflecting the 
single charging island formation in graphene. As the 
corresponding charging island size of -538 nm' is 
smaller than the geometrical constriction region of 
-2250 nm2, therefore, the island is formed in the 
constriction region. The charging energy is increased to 
-7.8 meV. These results indicate that the size and the 
number of charging island are varied with the doping 
concentration in graphene. 

The single charging island behavior in the less­
doped graphene constriction could be ascribed to 
quantum reflection at the end of the constriction, 
resulting in the quasi-bound state in the constriction 
region (Fig. 6). Importantly, it is implied that single 
carrier transistors with a single charging island could be 
realized in graphene by the combination of constriction 
structure patteming and CNP control. However, the 
asymmetric ambipolar curve at room temperature 
(Fig.4(a») and the variation in the size of Coulomb 
diamond (Fig. 5) were observed, that were caused by 
remaining potential inhomogeneity. This can be 
interpreted as that local doping distributed in graphene 
[5] persists even though the CNP is located at V. - 0 V. 
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Fig. I: Schematic illustration of the graphene constriction 
device and measurement configuration. V ds and Vg are 
source-drain bias and back gate voltage, respectively. 

Fig. 2: Gate characteristic of the constriction device 
before annealing. Conductance is normalized with 
e2lh (e: elementary charge, h: Planck constant). 
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Fig. 3: Absolute drain current of the constriction device 
before annealing as a function of V ds and Vg measured at 
5 K. Charging energy is estimated on the dotted arrow. 
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Fig. 4: Gate characteristic of the constriction device after 
annealing. (a) Conductance measured at 300 K and 5 K. 
(b) Drain current measured at 5 K applying various V ds. 
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Fig. 5: Coulomb diamond plot of the constriction device after 
annealing measured at 5 K. Colour range is same as Fig. 3. 

Fig. 6: Schematic energy diagram in the graphene 
constriction. Charging island is formed by quantum 
reflection at the end of the constriction region. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /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
  ]
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


