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1. Introduction 

The excellent electrical, optical, thermal, and 
mechanical properties of carbon nanotubes (CNTs) have 
spurred the development of many practical applications 
including nano-electronic devices [1], biosensors [2], and 
via interconnects [3]. For applications such as sensors, 
compatibility of the growth method with Si front-end 
processing is highly desirable [4] because it provides 
additional flexibility of a manufacturing process for CNT 
smart sensors fully integrated with CMOS circuits. CNT 
growth traditionally involves the use of metal nanoparticles 
as a catalyst. However, the integration of metal catalyzed 
CNT growth with CMOS manufacturing process is 
problematic due to the metal contamination.  

Several different metal-catalyst-free growth methods of 
CNTs have been reported [5-9]. However none of the 
growth methods can grow single walled CNTs (SWNTs) on 
SiO2 for device applications. More recently, Liu et al. [10] 
and Huang et al. [11] separately reported the growth of 
SWNTs from SiO2 nanoparticles formed by scratching the 
surface of a SiO2 layer. Whilst the growth of SWNTs on 
SiO2 is possible via this method, “scratching growth” is 
unlikely to be used in Si processing due to the degradation 
of reliability.  

In this paper, metal-catalyst-free growth of CNT using a 
thin Ge film is reported and this growth process is used to 
produce back gate CNTFETs with Pd source/drain (S/D) 

contacts. The novel growth process uses nanoparticles 
produced by Ar annealing of the Ge film on a SiO2 layer. 
Raman measurements show that radial breathing mode 
(RBM) peaks are present and the disorder induced D-band 
is absent in our samples, indicating defect-free SWNTs. 
Electrical measurements on completed CNTFETs show 
p-FET behavior, an excellent Ion/Ioff ratio of 107, and a steep 
sub-threshold slope of 140 mV/dec. 
 
2. Experimental 

A p+ Si substrate (0.005 Ω⋅cm) was employed as a back 
gate and a 45 nm-thick thermally grown SiO2 layer was 
employed as a gate dielectric. A 3 nm-thick Ge layer was 
deposited by either sputtering or evaporation on the SiO2 
layer. The nanoparticles were formed at 850°C for 20 min 
in a mixture of Ar (1000 sccm) and H2 (300 sccm) after a 
pre-annealing in H2 (1000 sccm) at 950°C. The samples 
were taken out from a furnace and then growth of CNTs 
was performed using CVD in a hot-wall reactor at 
atmospheric pressure. CNTs were grown at 850°C for 20 
min using a mixture of methane (1000 sccm) and H2 (300 
sccm) immediately after a pre-annealing in H2 (1000 sccm) 
at 900°C. For comparison, CNT growth without the Ar 
annealing process was also carried out. Back gate 
CNTFETs were fabricated with Pd S/D contacts. Pd was 
deposited by sputtering and the S/D electrodes were formed 
using direct write laser lithography and lift-off. The gap 
between the S/D electrodes was 2.0 µm and the width was 
5.0 µm. Electrical characteristics of CNTFETs were 
measured in ambient air. Raman spectra were obtained 
using He-Ne (632.8 nm) laser excitation. 

 
 
Fig. 1  FE-SEM images after CNT growth from a Ge film 
on SiO2 substrate without (a) and with Ar annealing (b).  

 
 
Fig. 2  Raman spectra of CNTs grown from a Ge film on SiO2 
substrate. The inset shows radial breathing mode, indicating 
that SWNTs are present. 
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3. Results and Discussion  
Fig. 1 shows FE-SEM images after CNT growth 

without (a) and with Ar annealing (b). For samples without 
Ar annealing, many nanoparticles with diameters around 10 
and 50 nm are scattered and EDX analyses indicate that 
they contain Ge, Si, and O. No CNTs are presented and 
only isolated nanowires are occasionally seen as shown in 
Fig. 1(a). Similar nanowires were seen in our earlier work 
and were composed mainly of silica [7], [9]. In contrast, an 
additional Ar annealing process dramatically aids CNT 
growth, giving an area density of 3.0 CNTs/µm2. Many 
silica nanowires are also seen. The inset of Fig. 1(b) shows 
an FE-SEM image just after Ar annealing. Nanoparticles 
and short nanowires are seen. The nanoparticles were 
evaluated by means of AFM. Line analyses showed a mean 
particle density of 450 particles/µm2 and a particle height 
of 1.4±0.8 nm. These particles are considered to be GeO2 or 
SiO2 as we have previously reported that silica 
nanostructure was formed from Ge dots by Ar annealing 
[12]. The source of oxygen comes from the substrate in this 
case. The growth of CNTs from the oxide nanoparticles is 
achieved in the same way as [10], [11]. 

Fig. 2 shows Raman spectra and the insets clearly show 
the RBM peaks, indicating that SWNTs are present. All 
samples show no D-band peak, indicating a low defect 
density and are thus of high quality. RBM peaks with 
different Raman shifts within the range from 190 cm-1 to 
the lower limit of 120 cm-1 which imposed by our Raman 
notch filter have been seen. SWNTs observed by Raman 
scattering have diameters in the range of 1.3-2.0 nm. 

Electrical measurements of the Pd contacted back gate 
CNTFETs have been made on more than 80 functional 
devices. Fig. 3 shows sub-threshold characteristics for 
twelve typical CNTFETs. The drain current at VG=-5 V and 
VD=-1 V ranges from 1 to 10 µA and Ion/Ioff ranges from 104 
to 108. Fig. 4 shows one of the best electrical characteristics 
of CNTFETs exhibiting an excellent Ion/Ioff ratio of 107 and 
a reasonably steep sub-threshold slope of 140 mV/dec. The 
output characteristics show linear characteristics below 

saturation (VD>-1 V) and good saturation (VD<-1 V). 

 
 

Fig. 3  The sub-threshold characteristics of Pd contacted back 
gate CNTFETs (LG = 2.0 µm) with SiO2 gate insulators. 

 
 
Fig. 4  I-V characteristics of a Pd contacted CNTFET (LG = 2.0 
µm). Sub-threshold characteristics for VD = -0.1 and -1.0 V and 
output characteristics for VG = -0.5, -1.0, -1.5, -2.0, -2.5 V. 

 
4. Conclusions 

We have developed a CMOS compatible CNT growth 
method on a SiO2 substrate using a Ge thin film. The 
synthesized CNTs were successfully applied to fabricate 
back gate CNTFETs with Pd S/D contacts. The CNTFETs 
have an excellent on/off current ratio of 107 and a steep 
sub-threshold slope of 140 mV/dec. 
   
Acknowledgements 

The authors acknowledge EPSRC for supporting this work.   
 

References 
[1] J. Appenzeller, Proc. IEEE 96 (2008) 201.  
[2] R. Chen, H. Choi, S. Bangsaruntip, E. Yenilmez, X. Tang, Q. Wang, Y. 

Chang, and H.Dai, J. Am. Chem. Soc. 126 (2004) 1563. 
[3] M. Horibe, M. Nihei, D. Kondo, A. Kawabata, and Y. Awano, Jpn. J. 

Appl. Phys. 44 (2005) 5309. 
[4] M. Haque, K. Teo, N. Rupensinghe, S. Ali, I. Haneef, S. Maeng, J. 

Park, F. Udrea, and W. Milne, Nanotechnology 19 (2008) 25607. 
[5] M. Kusunoki, M. Rokkaku, and T. Suzuki, Appl. Phys. Lett. 71 (1997) 

2620.  
[6] S. Botti, R. Ciardi, M. Terranova, S. Piccirillo, V. Sessa, M. Rossi, and 

M. Vittori-Antisari, Appl. Phys. Lett. 80 (2002) 1441. 
[7] T. Uchino, K. N. Bourdakos, C. H. de Groot, P. Ashburn, M. E. 

Kiziroglou, G. D. Dilliway, and D. C. Smith, Appl. Phys. Lett. 86 
(2005) 233110.  

[8] D. Takagi, H. Hibino, S. Suzuki, Y. Kobayashi, and Y. Homma, Nano 
Lett. 7 (2007) 2272. 

[9] T. Uchino, G. Ayre, D. C. Smith, J. L. Hutchison, C. H. Groot, and P. 
Ashburn, J. Electrochem. Soc. 156 (2009) K144. 

[10] B. Liu, W. Ren, L. Gao, S. Li, S. Pei, C. Liu, C. Jiang, and H. Cheng, 
J. Am. Chem. Soc. 131 (2009) 2082. 

[11] S. Huang, Q. Cai, J. Chen, Y. Qian, and L. Zhang, J. Am. Chem. Soc. 
131 (2009) 2094. 

[12] T. Uchino, K. N. Bourdakos, C. H. de Groot, P. Ashburn, and D. C. 
Smith, NT06 7th International Conference on Science and Application 
of Nanotubes (2006) 252. 

-150-

 



<<
  /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


