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Abstract. We discuss a method to fabricate single-electron transistors targeted at high-temperature
operation. Natural nanostructure in polycrystalline silicon was utilised for charging islands and its
grain boundaries were modified by a multi-step annealing technique to form grain-boundary
tunnelling barriers. The effects of oxidation and annealing temperature on individual grain boundary
properties were investigated using point-contact devices. It is found that low temperature oxidation
selectively oxidises the grain boundaries but does not affect carrier transport significantly.
Subsequent annealing increases the grain-boundary tunnelling barrier height and resistance. In

addition, their distribution is narrowed by optimizing the annealing condition.
Introduction

A single-electron transistor (SET) is a novel device where the on-off states can be formed by a
single-electron, without any statistical fluctuation in electron number[1,2,3]. To realize practical
single-electron circuits, it is vital to control tunnelling barrier properties. For example, total tunnel
resistance (Rt) should be less than ~1 GQ if a single-electron is transferred at 1 GHz at the
source-to-drain voltage (V4) of 1 V. In addition, an Ry value should be much larger than the
quantum resistance (h/e’=26kQ) to avoid the quantum smearing[2]. Furuta et al. report that an Ry
value > 1 MQ is required to obtain a large on-off ratio[4]. To suppress a leakage current at room
temperature (RT), a charging energy (E.) must be much larger than thermal energy kgT. Saitoh et al.
indicate that an E, value greater than 10 AgT (260 meV at RT) is favourable[5]. If a tunnelling
barrier is made of 1-nm-thick a-SiO,, this condition corresponds to the cross-section area as small

as 3 nm X 3 nm. Tunnel resistance calculation[6] suggested that we have to fabricate a very thin (<



0.6 nm) tunnelling barrier if its height is as large as 3 eV, which is expected for the c¢-Si/a-SiO;
junction. Figure 1 indicates that a realistic tunnel barrier may be ~ 1 nm in thickness and 0.26-1.2
eV in height.

It is not easy to form such small charging islands and thin tunnelling barriers by lithography
techniques only. A promising idea to overcome these requirements is to use a naturally-formed
nanostructure in a material, which includes very thin polycrystalline silicon (poly-Si)[7] and
hydrogenated nanocrystalline silicon[8,9], where crystalline silicon grains work as charging islands
and GBs work as tunnelling barriers. However, in general, the properties of individual GBs vary
significantly, and it is difficult to control GB properties to conform the above guidelines.

This article discusses a method to control GB tunnelling barrier properties in poly-Si. The effects
of oxidation and thermal annealing on electrical properties of individual GBs were examined using
nanometre-scale point-contact (PC) devices. We propose a multi-step annealing technique, which is
consisted of two or more oxidation and subsequent annealing processes. This technique can separate
the incorporation of oxygen in GBs and the modification of their properties temporary, providing
better controllability for GB properties.

Experimental

Our poly-Si film was prepared by solid-phase-crystallization of a 50-nm-thick amorphous silicon
at 850 °C for 30 min[4]. The films were doped n type to 10°° / cm’ using phosphorus
ion-implantation. Transmission electron microscopy (TEM) indicated that the grains were columnar
with lateral sizes from 20 nm to 150 nm. PC structures (30 nm wide and 40 nm long) with double
side-gates were fabricated to investigate the local carrier transport properties (Fig. 2). The PC
structures were defined by electron-beam lithography in PMMA resist, followed by
reactive-ion-etching in a 1:1 plasma of SiCly and CF4[10].
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As-prepared, oxidised, or oxidised and subsequently thermally annealed (designated as
‘oxidised&annealed’) PCs were investigated. The thermal treatments were performed after the
fabrication of the PC structures. The oxidation was performed in a dry O, ambient at 650 °C — 750
°C for 1 hr, or at 1000 °C for 15 min. All the samples were dipped in a HF solution before oxidation.
The annealing was performed in an argon ambient at 1000 °C for 15 min after the oxidation. The
electrical characteristics were measured at 25 K - 300 K to extract activation energy (£,) and Ry

values.
Results and Discussion

We found that 30% of as-prepared PCs exhibited non-linear source-to-drain current-voltage
(I4s-V4s) characteristics while rest PCs exhibited linear characteristics in the whole temperature
range from 25 K to 300 K. Figures 3(a) show the /4-Vy4s characteristics of a typical as-prepared PC
that exhibits non-linear characteristics. The l4s-Vys characteristics agree well with a thermiomic

emission model, expressed as eq. (1)[11], if temperature is greater than 120 K.

1/2
1V)=2¢qn, kBT* exp _4Vs sinh| — i (D
2wm k,T 2nk,T

, where g denotes a carrier charge, m* an effective mass, kg the Boltzmann constant, V3 a barrier

height, 7 temperature, n» number of grain boundaries, and 7 an applied voltage. At lower
temperatures, we can see a significant deviation between the data measured and fitted (see data
measured at 25 K). As the conductivity is almost independent of temperature in this low
temperature range (Fig. 3(c)) and the poly-Si film is heavily doped, we attribute the carrier transport

mechanism to tunnelling.
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Fig.3: I4-Vgs characteristics of as-prepared (a) and oxidised (b) PCs. Oxidation condition was
1000°C for 15 min. Circles show measured data and solid lines show simulation results fitted to eq.
(1). Measurement temperatures are indicated. Figure (c) shows the temperature dependence of the
device conductivity.

The I4-Vys characteristics of the PCs oxidised at 1000°C also exhibit deviation from eq. (1) at low
temperatures less than 260 K (Fig. 3(b)). As we did not observe single-electron charging effects in
these devices at > 25 K and the device conductance does not depend on temperature (Fig. 3(c)), this

deviation may be attributed to the tunnel conduction through oxidised tunnelling barriers. In



contrast, carrier transport can be explained by the thermiomic emission at > 260 K. The transition
temperature tends to be larger for the oxidised PCs than for the as-prepared PCs, probably because
the oxidised tunnelling barrier has higher potential barrier.

Some oxidised PCs exhibit single-electron charging effects at 4.2 K. The I4-Vys characteristics
has zero-current region at low Vg and is modulated periodically by a gate bias (V) (Fig. 4(a)),
which are the characteristics of single-electron charging phenomenal2]. It is further confirmed from
the source-to-drain conductance oscillation observed in the /4-V,s sweep (Fig. 4(b)). We found that

the charging island is made of crystalline grains covered by an oxide GB barrier[4].
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Fig.4: Single-electron charging effects in an oxidised PC measured at 4.2 K. (a) lgs-Vas
characteristics at Vy ranging from -0.5 V to 0.5 V, and (b) /4s-V,s characteristics at Vg, ranging from
-5 to -50 mV. Oxidation was performed at 1000°C for 15 min.

Equation (1) indicates that we can extract GB potential barrier height (V) as an activation energy
(E,) estimated from the slope of the conductivity in the temperature range where carrier transport is
controlled by the thermiomic emission. The £, value distributes in the range from 6 meV to 20 meV
for as-deposited PCs. It is increased to 40-170 meV by the oxidation at 1000°C. We should notice
that the typical E, values in the oxidised PCs, < 60 meV, are too low for a c-Si/a-SiO; junction. In

addition, such low barriers do not conform our guideline described in introduction.
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Fig.5: (a,b) I4s-Vas characteristics of two typical PCs for as-prepared, oxidised at 650°C, and
oxidised&annealing devices, measured at 25 K. (c) shows the temperature dependence of the device
conductivity.

Therefore, we surveyed the effects of oxidation and annealing temperature on the electrical
properties of PCs. If we oxidise PCs at 650°C, the device conductance is decreased slightly (Fig.
5(a,b)), which can be understood simply that the poly-Si film thickness is reduced by the oxidation



of the superficial silicon layer. In contrast, if the oxidised PCs were annealed at 1000°C, all the PCs
exhibit strong non-linear characteristics especially at 25 K. Figure 5(c) shows more clearly that the
device conductance is not affected largely by the simple oxidation at 650°C, while it is significantly
reduced by the thermal annealing. We can estimate the Rt value from the device resistance at a
temperature where the carrier transport is controlled by the tunnelling. Comparing Figs. 3(c) and
5(c), we can see that larger Rt values are obtained for the 650°C-oxidised&annealed PCs than for
the 1000°C-oxidised PCs. Note that the E, and Rt values show a wide distribution.

More advanced multi-step annealing process composed of two-step oxidation and subsequent
annealing improves the distribution of GB properties (Fig. 6). Here, PCs were first oxidised at
650°C for lhr, followed by oxidation at 750°C for 1hr. Similar to the 650°C oxidation case, simple
oxidation does not change the electrical characteristics largely. In contrast, the device conductivity
is significantly reduced to ~10™ S/cm after the subsequent annealing. It would be noteworthy that

the distribution of £, and Rt values is much narrower than the above cases.
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Fig.6: (a,b) I4-Vys characteristics of two typical PCs for as-prepared, two-step oxidised at 650°C and
750°C, and oxidised&annealed devices, measured at 25 K. (¢) shows the temperature dependence of
the device conductivity.
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Fig.7: Single-electron charging effects in an oxidised&annealed poly-Si SET at 4.2 K. (a) /gs-Vs
characteristics at Vg ranging from -2 V to 0 V, and (b) /ys-V,s characteristics at Vg, ranging from —44
mV to -4 mV. The device was first oxidised at 650°C for lhr and 750°C for lhr, followed by
thermal annealing at 1000°C for 15 min.

We examined the mechanism of the modification of the GB properties by the multi-step
annealing using secondary-ion mass spectroscopy[12]. Simple oxidation diffuses oxygen atoms into
the GBs together with the formation of a surface oxide. This does not form silicon oxide at the GBs
with a tunnelling barrier high enough to effect conduction. However, subsequent annealing induces
local structure reconfiguration in the oxidised GBs as reported in silicon sub-oxide[13], where the

high-temperature annealing converts some parts of silicon-rich bonding structure Si-Si4.,O, (n<4) to



a Si-Oy tetrahedral structure. Thus the oxidised&annealed GBs would be a mixture of Si-O4 and
silicon-rich structures, which may have moderately high tunnelling barriers if we choose an
appropriate annealing condition. It was also confirmed that the oxidation at low temperatures such
as 650°C improves the selectivity of GB oxidation because the GB oxygen diffusion proceeds
relatively faster than the surface oxidation at a lower temperature[12].

The PC device subjected to the multi-step annealing exhibits the single-electron charging effects
(Fig. 7), similar to the PC oxidised at 1000°C in Fig. 4, demonstrating that the electrons are

confined onto charging islands by the tunnelling barriers thus formed.

Summary

The effects of oxidation and annealing temperature on electrical properties of individual GBs in
poly-Si were investigated. Low temperature oxidation selectively oxidises the GBs but does not
affect carrier transport significantly. Subsequent annealing increases the potential barrier height and
resistance, and narrows their distribution. Single-electron charging effects were observed when PCs
were subjected to a multi-step annealing, demonstrating the formation of tunnelling barriers. We
expect that the multi-step annealing technique provides a better way to obtain desirable GB

properties for poly-Si SETs.
References

[1] M. Kastner, Nature 389, 667 (1997).

[2] D.K. Ferry, and S.M. Goodnick, Transport in nanostructures, (Cambridge University Press,
Cambridge, 1997).

[3] H. Ahmed, J. Vac. Sci. technol. B 15, 2101 (1997).

[4] Y. Furuta, H. Mizuta, K. Nakazato, T. Kamiya, Y.T. Tan, Z.A.K. Durrani, and K. Taniguchi, Jpn.
J. Appl. Phys. 41, 2675 (2002).

[5] M. Saitoh, N. Takahashi, H. Ishikuro, and T. Hiramoto, Jpn. J. Appl. Phys. 40, 2010 (2001).

[6] H. Mizuta, and T. Tanoue, The Physics and Applications of Resonant Tunnelling Diodes,
(Cambridge University Press, Cambridge, 1995).

[7] K. Yano, T. Ishii, T. Hashimoto, T. Kobayashi, F. Murai, and K. Seki, IEEE Trans. Electr. Dev.
41, 1628 (1994).

[8] Y.T. Tan, T. Kamiya, Z.A.K. Durrani, and H. Ahmed, Appl. Phys. Lett. 78, 1083 (2001).

[9] T. Kamiya, Y.T. Tan, Z.A.K. Durrani, and H. Ahmed, J. Non-Cryst. Solids 299-302, 405 (2002).

[10] Y.T. Tan, Z.A.K. Durrani, and H.Ahmed, J. Appl. Phys. 89, 1262 (2001).

[11]J.Y.W. Seto, J. Appl. Phys. 46, 5247 (1975).

[12] T. Kamiya, Z.A K. Durrani, and H. Ahmed, Appl. Phys. Lett. 81, 2388 (2002).

[13] F. Iacona, S. Lombardo, and S.U. Campisano, J. Vac. Sci. Technol. B 14, 2693 (1996).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


