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Abstract
We have used a 3-GHz microwave host cavity to study the remarkable electronic properties of metallic, single-walled
carbon nanotubes. Powder samples are placed in its magnetic field antinode, which induces microwave currents without
the need for electrical contacts. Samples are shown to screen effectively the microwave magnetic field, implying an
extremely low value of sheet resistance (< 10 μΩ) within the graphene sheets making up the curved nanotube walls.
Associated microwave losses are large due to the large surface area, and also point to a similar, very small value of sheet
resistance due to the inherent ballistic electron transport.

PACS: 73.63.Fg, 72.80.Rj, 78.70.Gq
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Background
There has been intensive research on the characterisation
and application of carbon nanotubes for next-generation
electronic devices [1]. Ballistic conduction along single-
walled metallic nanotubes is predicted theoretically and has
been experimentally verified. Clearly, this has enormous
impact for electronic devices fabricated using these remark-
able materials, but there are problems in characterising the
electronic properties using conventional (i.e. DC) techni-
ques. This is mainly due to the need to make electrical con-
tacts with the ends of the nanotube, which suppresses the
measured conductivity, and is further complicated by inter-
tube contacts. For example, it has been found that thin film
samples have sheet resistances limited by the large junction
resistances between adjacent nanotubes [2].
In this context, we propose a new method to character-

ise the electronic properties of metallic nanotubes using
microwaves as a means of exciting currents, thus negat-
ing the requirement for electrical contacts. The method
is fast and is performed on a powder sample, so it allows
rapid measurements of large numbers of samples and
permits in situ changes in electronic properties (e.g. due
to surface adsorption of chemical species) without the
need to remove the sample from the apparatus. Previous
microwave studies of carbon nanotube materials have
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ranged from the screening efficiency of thin films [3] to
the microwave excitation of single nanotubes [4]. In our
experiments, powder samples are placed in a region of
high microwave magnetic field in a microwave cavity
(here, a 3-GHz copper hairpin), and the sample proper-
ties are determined using the cavity perturbation tech-
nique. We have used a similar method to measure the
electronic properties of a range of other material systems
(e.g. metal-loaded zeolites [5]).
Methods
Powdered nanotube samples were obtained from Thomas
Swan & Co. Ltd. (County Durham, UK), prepared by ther-
mal CVD at 800°C, giving a mix of semiconducting and
metallic single-walled nanotubes. Figure 1 shows the scan-
ning electron microscope (SEM) image of the nanotubes
before and after manual grinding. The long nanotubes are
broken into smaller segments confirming the production
of short carbon nanotubes, which has been previously
reported using the ball milling technique.
Analysis of the transmission electron microscope

(TEM) images shown in Figure 2 suggests the nanotubes
have diameters ranging from 1.2 to 1.7 nm and lengths
of 100 nm to 4 μm. Scanning transmission microscopy
(STEM) of the nanotubes shows that there are iron (Fe)
impurities on the surface of the nanotubes. Energy dis-
persive X-ray spectroscopy gives atomic percent ratios of
96.5:2.7:0.8 for C:O:Fe, respectively. Samples were loaded
into low-loss quartz tubes (inner diameter of 1.3 mm
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Figure 1 SEM image of the nanotubes used in this experiment. (a) Before and (b,c) after manual grinding.
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and wall thickness 0.35 mm) and placed parallel to the
microwave magnetic field in the 3-GHz quarter-wave
copper hairpin cavity, shown in Figure 3.
The hairpin itself is a 1-mm thick copper strip, with a

width of 5 mm, bent into a U shape of length 23 mm
and plate separation of 5 mm. The expected resonant
frequency of the fundamental mode of the hairpin is,
therefore, f0� c/4 L� 3.26 GHz, in practise about 10%
lower due to the end effects of electric and magnetic
fields spilling outside of the structure. The microwave
magnetic field is largest at the short-circuit end of the
hairpin, where the field is also approximately uniform
and runs parallel to the plate surfaces. The sample is
inserted into this region. The hairpin is surrounded by a
cylindrical radiation shield, of length twice that of the
hairpin (i.e. 50 mm) and inner radius of 15 mm. This
reduces the radiation losses from the hairpin and, thus,
preserves a high quality factor, which is desirable for
measuring the additional microwave loss contributed by
the sample. Microwave power is coupled in and out of
Figure 2 TEM and STEM images of nanotubes. (a) TEM image of the na
content (inset).
the hairpin using an identical pair of loop-terminated
RG405 microwave coaxial cables which couple to the
microwave magnetic field at the hairpin’s short-circuit
end. The transmitted microwave power (i.e. |S21|

2) is
measured in the frequency domain using an Agilent
E5071B network analyser with computer control (Agi-
lent Technologies, Inc., CA, USA). The unloaded quality
factor Q of the empty cavity is around 1,500, i.e. large
for its small volume (� 600 mm3), thus enhancing the
sample filling factor for more sensitive measurements of
its electronic properties. Cavity couplings are kept weak
(i.e. insertion loss > 30 dB at resonance), so that only
minor correction factors are needed to extract unloaded
Q factors from the raw data.

Results and discussion
Microwave results for a nanotube sample are shown in
Figure 4, compared with a similar volume of graphite
powder. Remarkably, this nanotube sample exhibits
screening of the microwave magnetic field. This is
notubes; dark spots (impurities). (b) STEM image; evidence of Fe



Figure 4 Resonant traces for the nanotube sample compared
with graphite power. The increased resonant frequency of the
nanotube sample is due to effective screening of the H-field.

Figure 3 Schematic diagram of the copper hairpin resonator. Samples are placed at the magnetic field antinode shown with H parallel to
the axis of the quartz tube holding the powder sample. L, length; W, width; d, diameter.
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evidenced by an increased resonant frequency of
Δf0 = 9.0 ± 0.3 MHz relative to the empty tube. There are
also very large microwave losses, evidenced by an
increased 3-dB bandwidth of ΔfB = 18 ± 1 MHz. Such
screening is usually observed only in powdered (or bulk)
metals and of conductivity large enough for the mean
particle size to become much greater than the mic-
rowave skin depth. As can be seen from the data of
Figure 4, the conductivity of graphite is not high enough
to observe any such screening; rather, it exhibits the re-
sponse typical of a lossy dielectric (i.e. a broadened 3-dB
bandwidth with no frequency shift, indicative of full
sample penetration by the microwave magnetic field).
To analyse this data, we use standard cavity perturb-

ation theory, which assumes a small sample filling frac-
tion within the cavity [6]. For the H-field applied parallel
to the nanotube axis (Figure 5a), the main results are the
following:

Δf0
f0

� � ω2τ2

1þ ω2τ2
Vs

2Veff
ð1aÞ

ΔfB
f0

� ωτ

1þ ω2τ2
Vs

Veff
ð1bÞ

where Vs is the total sample volume; Veff, effective cavity
volume; and τ, relaxation time, defined via

Veff ¼
Z

cavity

H=H0ð Þ2dV � LWd=2;

τ ¼ μ0a=2Rsq

ð2Þ

with a being the average nanotube radius, H0 the local
magnetic field strength at the sample and Rsq the sheet
resistance of graphene walls of the nanotubes. As can be
seen from Figure 5, both axial and radial components of
H relative to the nanotube axis will be screened if the
sheet resistance is low enough. Effective screening only
occurs in the limit when ωτ > 1, i.e. when Rsq < μ0aω/2.
A separate calibration experiment involved the insertion
of small copper spheres of radii 330 μm into the same
H-field position as for the sample. The observed frequency
increase of Δf0 = 1.30± 0.01 MHz per sphere allows us to
determine experimentally Veff = 270± 2 mm3, comparing
well with the expected value of LWd/2� 290 mm3. Thus,
the observed nanotube frequency shift corresponds to an
effective screened volume of� 1.7 mm3.

Conclusions
The inner tube volume within the cavity is� 6.6 mm3, of
which� 0.40 mm3 is nanotube material (i.e. a packing
fraction of about 6% by volume, based on the sample
mass of 1.3 mg). From this, we conclude that the mag-
netic field is effectively screened within this low density
powder, both from within the nanotubes themselves and
from a much larger volume (×3) in the space outside.
For this to happen, we also conclude that the nanotube



Figure 5 Screening currents for the microwave H-field. Applied (a) parallel and (b) perpendicular to the nanotube axis.
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sheet resistance must be extremely small, i.e. an upper
limit of Rsq� 10 μΩ based on a mean nanotube radius
of a� 0.7 nm. Since a trace of metallic Fe is present in
the sample, it is prudent to quantify how much this con-
tributes to the microwave screening. The 0.8% atomic
ratio of Fe atoms corresponds to a volume of about
0.006 mm3. This is likely to be dispersed as very small
particles of radii less than 1 μm. Given that the skin
depth of Fe at 3 GHz at room temperature is about
2.8 μm, we would not expect such small particles to
screen the microwave magnetic field. Even if the Fe
formed a single large particle, which gives rise to the
greatest screened volume, the contribution to increase in
resonant frequency will be only 0.6% of that observed
for the whole CNT sample. Hence, we conclude that the
screening effect of the Fe is negligible.
Does such a small value of Rsq contradict the observa-

tion of the large microwave losses of Figure 4? The an-
swer can be found in the huge surface area of carbon
nanotube powders, e.g. our 1.3-mg sample has a total
surface area S� 1.1 m3. Sheet resistance can be extracted
from Equation 1b in the limit of strong screening ωτ
> > 1, resulting in Rsq� 2πμ0Veff ΔfB / S� 30 μΩ. There-
fore, these two independent measurements (one of
microwave screening, the other of microwave loss)
both point to very small values of sheet resistance
due to ballistic transport. In experimental studies of
carbon nanotube films, the sheet resistance is found
to be of the order of 1 kΩ [7] with similar results
for graphene films [8]. In these studies, the intrinsic
sheet resistance of the carbon nanotubes can be dif-
ficult to extract from the measurements as charge
transport is limited by contacts between the nano-
tubes. Other types of measurement such as the op-
tical conductivities reported in [8] do not circumvent
this problem as they characterise relatively large
areas of the films. In theoretical studies of devices
based on discrete carbon nanotubes and of carbon
nanotube films, charge transport is often assumed to
be ballistic, and therefore, the sheet resistance is zero. Bal-
listic transport has been observed in ohmically contacted
metallic single wall carbon nanotubes having lengths less
than approximately 300 nm [9].
Not all of the nanotube powders studied to date show

such striking behaviour, so future experiments will con-
centrate on systematic studies of a wider range of mate-
rials (semiconducting and metallic), over a wider range
of frequencies (particularly from kilohertz to megahertz),
also trying to identify the nature of the defects giving
rise to the finite sheet resistance. Indeed, isolating metal-
lic samples is, itself, an important problem, and the
method we have proposed here may serve as a means of
quantifying the volume fraction of metallic nanotubes
within a given powder.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
AP and DIO carried out the microwave measurements, and DIO
characterized the sample. AP and PAC conceived of the study and
completed the analysis. All authors read and approved the final manuscript.

Author details
1School of Engineering, Cardiff University, Newport Road, Cardiff CF24 3AA,
UK. 2School of Electronic, Electrical and Computer Engineering, University of
Birmingham, Pritchatts Road, Birmingham B15 2TT, UK.

Received: 22 March 2012 Accepted: 3 July 2012
Published: 1 August 2012

References
1. Anantram MP, Léonard F: Physics of carbon nanotube electronic devices.

Rep Prog Phys 2006, 69:507.
2. Fuhrer MS, Nygård J, Shih L, Forero M, Yoon Y-G, Mazzoni MSC, Choi HJ,

Ihm J, Louie SG, Zett A, McEuen PL: Crossed nanotube junctions. Science
2000, 494:288.

3. Xu H, Anlage SM, Hu L, Gruner G: Microwave shielding of transparent and
conducting single-walled carbon nanotube films. Appl Phys Lett 2007,
90:183119.

4. Yu Z, Burke PJ: Microwave transport in metallic single-walled carbon
nanotubes. Nano Lett 2005, 5:1403.

5. Anderson PA, Armstrong AR, Barker PD, Edmondson MJ, Edwards PP, Porch
A: Rubidium doped zeolite rho: structure and microwave conductivity of
a metallic zeolite. Dalton Trans 2004, 19:3122.

6. Klein O, Donovan S, Dressel M, Grüner G: Microwave cavity perturbation
technique. Int J Infrared Millimeter Waves 1993, 14:2423.

7. Shin DH, Shim HC, Song J-W, Kimb S, Hana C-S: Conductivity of films
made from single-walled carbon nanotubes in terms of bundle
diameter. Scr Mater 2009, 60:607.



Porch et al. Nanoscale Research Letters 2012, 7:429 Page 5 of 5
http://www.nanoscalereslett.com/content/7/1/429
8. De S, Coleman JN: Are there fundamental limitations on the sheet
resistance and transmittance of thin graphene films? ACS Nano 2010,
4(5):2713.

9. Javey A, Guo J, Paulsson M, Wiang Q, Mann D, Lundstrom M, Dai H: High-
field quasiballistic transport in short carbon nanotubes. Phys Rev Lett
2004, 92(1):106804.

doi:10.1186/1556-276X-7-429
Cite this article as: Porch et al.: Microwave characterisation of carbon
nanotube powders. Nanoscale Research Letters 2012 7:429.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Outline placeholder
	Abstract

	Background
	Methods
	Results and discussion
	link_Fig1
	link_Fig2
	Conclusions
	link_Fig4
	link_Fig3
	Competing interests
	Authors´ contributions
	Author details
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_Fig5
	link_CR8
	link_CR9


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /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 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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 [595.440 793.440]
>> setpagedevice


