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We measured electrical shot noise in a metal-insulator-metal tunnel junction, which was made by using electron-beam

lithography and double-angle evaporation technique. Since the dependence of the shot noise on bias voltage and temperature

is theoretically well known, we can determine the temperature of the junction by measuring the noise as the voltage across

the junction is changed. A cryogenic low noise amplifier was used to amplify the noise signal in the frequency range of

600-800 MHz, which enabled fast measurement of noise signal and thus temperature. With further study, this method could

be useful for primary thermometry in cryogenic temperatures.
Keywords : tunnel junction, shot noise, thermometry
L. Introduction

Temperature of a system can be measured with a
variety of thermometers, which can be divided into
two groups; primary thermometers such as constant
volume gas thermometer or acoustic gas thermometer,
and secondary thermometers such as platinum
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resistor thermometer or diode thermometers.

For primary thermometers, we can determine
temperature by measuring the physical properties of
the system, which we know the physical principles
governing the system. Since the physical laws are
predictable in primary thermometers, they don't
suffer the problem of calibration or long term drift.
However, secondary thermometers, in which the
equation of the system is not known explicitly, need
calibrations with the primary thermometers to
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maintain the accuracy of the temperature [1].

In this paper, we introduce a shot noise
thermometry (SNT) that relates the electrical noise of
a tunnel junction to the temperature of the system.
Since we can determine the temperature by
measuring the electrical shot noise, which comes
from the well known physical laws, SNT can be
regarded as primary thermometer.

When bias voltage V is applied across the tunnel
junction of resistance R, the electrons from
electrodes of the tunnel junction tunnel across the
barrier. The spectral density of the current noise is
given by the following equation.

S,(7)
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where f (E) is energy-dependent Fermi function
on the left and the right electrodes, and T is
temperature [2].
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Fig. 1. Theoretical plot of the noise power as a function of
bias voltage in a metal-insulator-metal tunnel junction. The
dashed lines indicate the shot noise curve without the
thermal noise. At zero voltage, voltage-independent
Johnson (thermal) noise of 4kgT/R appears. Upper inset
indicates the measurement schematic. Lower inset indicates
the top view of the fabricated tunnel junction.

When the voltage is close to zero, Eq. 1 yields
Johnson (thermal) noise 4kgT/R. For high voltage
bias limit (eV > kgT), the equation reduces to
temperature-independent shot noise 2e/ [3].

II. Experimental setup

The tunnel junction in our study consists of two
aluminum electrodes and a thin insulating layer
(AlOy) that separated two electrodes. To make the
sub-micron scale AIl-AlOs-Al tunnel junctions,
suspended bridge structure of double-layer resist
were fabricated by electron beam lithography [4].
After the first layer evaporation, tunnel barrier was
formed between top and bottom deposition [5]. The
junction area was 10 x 0.2 pm” and resistance-area
product at room temperature was 3 x 10° Q-cm?”. The
resistance increased from 125 Q at room temperature
to 163 Q at 4 K as the bath temperature decreased (In

most of our samples, they show increasing
resistances with decreasing temperature). The
superconducting transition temperature of our

aluminum thin film is typically 1.2 K. Since our
experiments were performed above 4 K, the
aluminum electrodes were not superconducting.

EBandpass
Fig. 2. Experimental setup for noise measurement of the
tunnel junction. The interference from DC bias and DVM
is blocked by a filter. The shot noise signal is first
amplified by a cryogenic HEMT amplifier of 43 dB gain.
The signal, passed through bandpass filter of 600 and 800
MHz, undergoes further amplification by the room
temperature amplifiers of 64 dB gain. The amplified noise
power is then converted to a DC voltage by a Schottky
diode detector.

Figure 2 shows the schematic experimental setup
to measure the RF signal from the tunnel junction.
For DC parts consisting of a current source and
voltmeters, it is important to prevent external
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interference from reaching the tunnel junction.
Therefore, we inserted low pass filters between room
temperature electronics and the junction. To block
high frequency signal in DC chain, we used 120 nH
inductors near the leads of the junction.

For RF chain, impedance matching should be
considered to reduce the reflection of the signal
between different parts in our system. The shot noise
signal from the junction passed through blocking 33
pF capacitors, which removed DC signal in RF chain.
The signal went through a circulator, which was used
for removing the backward noise from the cryogenic
HEMT amplifier [6]. After the noise signal was
amplified by 43dB in the HEMT amplifier, it
underwent a bandpass filter with the passband of 600
~800 MHz. Following further amplification of 64 dB
by room temperature amplifiers, the output signal is

converted to DC voltage by a Schottky diode detector.

Finally the output DC voltage is measured by a
digital voltmeter.

The tunnel junction was mounted on a copper
sample holder inside a vacuum can, where the
temperature can be adjusted from 4 K to room
temperature [7]. We measured the shot noise from 4
K to 150 K.

III1. Results and discussion

The shot noise data taken at several different
temperatures are shown in Fig. 3a in the unit of
temperature. At zero bias voltage, the zero-bias noise
goes up as the temperature increases since the zero
bias limit of shot noise curve is the thermal noise
4kgT/R. In the high bias region, all the curves
coincide with each other, which agree well with
conventional Poissonian shot noise 2el. The
transition from thermal to shot noise occurs at higher
voltage as the temperature goes up. From curve
fitting of the data using Eq. 1, the temperature of the
junction can be extracted as a fitting parameter.

Figure 3b shows normalized shot noise curves
versus the normalized voltage eV/kgT. The shot noise
curves were normalized by dividing shot noise RF

power by RF power at zero voltage. All the
normalized data agrees well with the universal form
of (x/2)coth(x/2), (x=eV/kgT), which indicates that
the measured shot noise follows theoretical
predictions well.
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Fig. 3. Bias-dependent noise for several temperatures
a. The lowest points near at zero bias-voltage go up as the
temperature increases. In the high bias-voltage region, the
noise power is independent of temperature. b. With
normalized voltage x = eV/kgT, all the temperature
-dependent data falls on the same curve of (x/2)coth(x/2).

To test reliability of the inferred temperature from
the tunnel junction, we compared the Tgnyr to the
secondary thermometer (Lakeshore DT-670) for the
range from liquid helium temperature to 150 K as
shown in Fig. 4. Most of the fitting temperatures are
located near the solid line that corresponds to Tsnr =
Tsecondary line. To see the detail of the difference from
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the secondary thermometer, we evaluated relative

uncertainty dT / Tsecondary = (TSNT - Tsecondary) / Tsecondary~

OT/Tsecondary lies in the range of = 0.2; we have
relative uncertainty + 0.2 at 4.2 K and lower relative
uncertainty at higher temperatures. Another
systematic error comes from the nonlinearity of the
Schottky diode detector, which we can correct by
careful diode calibration.

Eq. (1) assumes a perfect tunnel barrier and direct
tunneling without any scattering in the barrier.
However, if there are defect states in the barrier,
inelastic tunneling can occur so that it will modify
the noise-voltage curve. Verification of the junction
quality would be below the
superconducting transition of the aluminum, and
evaluating the sub-gap leakage. Indeed, since this
kind of thermometry is more useful at ultra low
temperatures, we are pursuing to set up a system in
He-3 refrigerator so that we can reach down to 0.3 K.
Below the transition temperature of aluminum
electrodes, magnetic field needs to be applied to
suppress the superconductivity in aluminum. Also,
blocking thermal photons and hot electron injection
is essential that requires carefully anchoring each
wiring. We are currently under progress in low
temperature measurement setup, and the result will
be presented later.
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Fig. 4. Comparison of the measured temperature from
noise (Tsy) with the secondary thermometer (Lakeshore
DT-670). The solid line indicates Tsnt = Tgccondary-

secondary

In summary, we have fabricated sub-micron scale
metal-insulator-metal tunnel junction and measured
the shot noise in the frequency range of 600~800
MHz. The measured results agree well with the
theoretical shot noise curves, which enabled us to
determined temperature of the junction. Compared
with conventional Johnson noise thermometry at kHz
range, we can measure the temperature relatively
quickly by using broadband measurement. Further
study will be focused on the improvement in the
accuracy of the shot noise thermometer. The physical
properties of the tunnel junction itself can be studied
by the noise measurement study, which will include
the transport phenomena in superconducting tunnel
junctions.

Acknowledgments

We express our sincere thank to N. Kim, K. T.
Kim and other members of KRISS for the support
during the work.

References

[1] T. J. Quinn, Temperature, Academic Press, London
(1983).

[2] Ya. M. Blanter, M. Biittiker, Physics Reports 336, 1
(2000).

[3] W. Schottky, Phys. Rev. 28, 74 (1926), J. B. Johnson,
Phys. Rev. 32, 97 (1928).

[4] G.J. Dolan, Appl. Phys. Lett. 31, 337 (1977).

[5] M. Rehman, et al., Progress in Superconductivity
vol.10, 99 (2009).

[6] L. Spietz, K. W. Lehnert, I. Siddiqi, R. J. Schoelkopf,
Science 300, 1929 (2003).

[7] F. Pobell, Matter and Methods at Low Temperatures,
Magnetism, 2nd ed., Springer, 92-109 (1991).




<<
  /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


