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1. Introduction 
It is becoming increasingly important to understand and 

control quantum-mechanical effects in nanostructures for fu-
ture functional devices. This is also true for nanometer-scale 
silicon devices such as ultrathin-channel metal-oxide semicon-
ductor field-effect transistors (MOSFETs) on sili-
con-on-insulator (SOI) substrates, where the carriers are 
strongly confined in Si/SiO2 quantum wells [1]. There have been 
experimental studies on the quantum confinement of electrons 
in such a system using SOI MOSFETs [2], resonant tunneling 
diodes [3], and light emitting diodes [4, 5]. However, the elec-
tronic states sill need to be more fully clarified to explore new 
application based on the quantum effect in nanometer-scale 
silicon. 

Here we report tunnel spectroscopy of electron subbands in 
thin SOI MOSFETs, where subband states consist of both 
in-plane four-fold and out-of-plane two-fold degenerate valleys 
in a SOI (001) layer. We observed clear and reproducible fea-
tures in gate tunneling currents when electrons were injected 
into the thin SOI layer. The observed features can be well as-
cribed to the in-plane valley subbands’ having larger density of 
states than out-of-plane valley ones due to its effective mass 
anisotropy.  
2. Device preparation 

The devices were SOI MOSFETs fabricated on a SIMOX (001) 
wafer annealed at high temperature for a long time in order to 
minimize the influence of interfacial roughness at the Si/BOX 
interface [6], is shown in Fig. 1 (a). A double-layer gate struc-
ture was employed. The lower n-type poly-Si gate was used as a 
tunneling gate, through which electrons are injected into the 
SOI channel with various sets of width (W) and length (L). The 
thicknesses of the tunneling gate oxide (tox) and the buried ox-
ide (tbox) were about 2 and 400 nm, respectively. SOI with 
nominal thicknesses (tSOI) of 10 and 25 nm was prepared. The 
wide upper gate was used as ion implantation mask to form an 
n-type source and drain. We used the substrate as a back gate. 
3. Experimental Results and Discussion 
  The lower gate’s tunneling current ILG was measured as a 
function of its voltage VLG at positive back-gate voltage VBG (at 
a small constant drain voltage VD and upper gate’s voltage VUG). 
Large positive VBG was applied to avoid electron depletion in 
the channel under the lower-gate region, especially for negative 
VLG, so that the Fermi level of the channel would be pinned to 
those of the source/drain (Fig.1 (b)), thereby allowing the tunnel 
spectroscopy of the channel. Figure 2 shows typical ILG-VLG and 
its derivative (dILG/dVLG) taken at 20 K for a sample with tSOI = 
25 nm. The increase of dILG/dVLG at VLG > 0 reflects the mono-
tonic increase of the transmission probability of SiO2 tunnel 
barrier. Tunnel current is proportional to transmission prob-
ability and DOS of both the gate and SOI. With increasing VLG, 
both the transmission probability and the number of electrons 
in SOI increase. Electrons in SOI occupy only a few lower sub-
bands, and there are therefore almost no pronounced peaks in 
dILG/dVLG. In contrast, small peak features can be seen in VLG < 
0 (arrowed in Fig. 2). These characteristics are also seen for the 
device with tSOI =10 nm as shown in Fig. 3. Strikingly, the peaks 
at VLG < 0 are much clearer with a larger separation. The ob-
servation of these peaks only at the negative bias, which causes 
the electron injection into the channel, and their tSOI depend-
ence strongly indicate that they originate from DOS structures 
of the thin SOI channel. The area-size dependence of dILG/dVLG 
characteristics is shown in Fig. 4 for devices with tSOI =10 nm. 
The samples show peaks at almost the same VLG, which also 
suggests that the peak positions are dominated by tSOI, or the 
vertical confinement in the channel. In contrast, the peaks be-
come more unclear with increasing device area. This indicates 
that the peaks suffer from inhomogeneous broadening since it is 

more likely that a larger area is accompanied by a larger fluc-
tuation in tSOI or tunnel oxide thickness. This is also supported 
by the temperature dependence of dILG/dVLG as shown in Fig. 5. 
While the peaks are ambiguous at higher temperature due to 
the thermal broadening of the Fermi surface of the poly Si gate, 
their sharpness is mostly unchanged below 50 K. We can 
therefore conclude that the inhomogeneous broadening is 
dominant below 50 K. 
  In order to understand the observed structures quantitatively, 
we calculated the energies of electron subbands in a SOI well 
under given electric fields by solving Schrodinger equation 
based on the effective mass approximation. In this calculation, 
the ground subband of the two-folded valleys with the effective 
mass of 0.98 perpendicular to the well was assumed to be kept 
at the Fermi level of the SOI channel for simplicity. Figure 6 
shows the calculated energies with respect to the Fermi level of 
the channel as a function of VLG for tSOI = 8.5 nm and tox = 2.0 
nm. The solid lines and the dotted lines represent the subbands 
arising from the four-fold valleys and the two-fold valleys, re-
spectively. The Fermi level of the poly-Si gate is also plotted as 
a thick solid line. When we compare the calculation with the 
experimental results, it is found that the experimental VLG at 
which the peaks were observed, are reasonably reproduced, as 
indicated by arrows in Fig. 6, where the gate Fermi level is 
aligned with the subband edge of the four-fold valleys. 

The reason only the four-fold valley subbands were detected, 
while the two-fold ones were not, can be understood in terms of 
their DOS of SOI; In the present tunnel spectroscopy, tunneling 
current is expected to be proportional to the DOS of SOI be-
cause we use the n+ poly Si as an electron source with Fermi 
energy much smaller than metal. Since, considering the effec-
tive-mass anisotropy (ml = 0.98, mt = 0.19) and the valley de-
generacy, the DOS of the four-fold valleys is approximately 4.5 
times larger than that of the two-fold ones, the tunnel current 
through four-fold valleys is also expected to be 4.5 time larger 
and dominant.  

In Fig. 7, we compare experimental ILG, dILG/dVLG and calcu-
lated tunneling current (0 K) considering the DOS and the 
bias-dependent transmission probability. It is seen that the 
structures due to the four-fold valleys are more distinct in the 
calculation, and the calculation shows a good agreement in 
their VLG positions with the experimental results. It should also 
be noted that higher subbands show a larger inhomogeneous 
broadening in the experiment, which is consistent with our 
calculation, because the energy of higher subbands are more 
sensitive to the structural fluctuations. All these results sug-
gest that the peak behavior observed in dILG/dVLG can be at-
tributed to electron tunneling from the poly-Si gate to in-plane 
four-fold degenerate valleys. Further detailed analysis using 
the self-consistent model remains as future work, especially to 
explain the disagreement observed in the low-bias regime. We 
add that the injected electrons are relaxed in the channel by the 
inter-subband transitions, which can be dipole allowed and 
therefore might be useful for light emission in silicon [4]. 
4. Conclusions 

We observed subband-induced features in gate tunneling 
currents when electrons are injected into a thin SOI well. From 
the theoretical consideration of the quantized energy levels and 
their density of states, the observed features can be well as-
cribed to the in-plane four-fold valley subbands.  
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Fig. 1. (a) Schematic cross section of the device structure (top) and top view of the device (bottom). (b) The potential profile 
along top to bottom of the device. (c) Six equivalent valleys in the conduction band. With two-dimensional confinement, a Si 
quantum well forms a subband consisting of two-fold valleys with effective mass ml = 0.98 (marked “A”) perpendicular to well 
and four-fold ones with mt = 0.19 (marked “B”). The thicker lines in SOI region (in (b)) indicate subbands arising from four-fold 
degenerate valleys. Dotted lines are from the rest of the two-fold ones.  

Fig. 5. Temperature dependency of dILG/dVLG for devices 
with SOI thickness of 10 nm at VBG = 135 V and VD = 50mV.

Fig. 2. ILG and dILG/dVLG curve with nominal SOI thickness of 
25 nm at 20 K.  

Fig. 4. Tunnel conductance dILG/dVLG for (L x W = 3 x 4 μm) 
and (0.8 x 0.8 μm) for devices with SOI thickness of 10 nm. 

Fig. 3. ILG and dILG/dVLG curve with nominal SOI thickness 
of 10 nm at 20 K. 

Fig. 7. ILG and dILG/dVLG curve at 20 K for the device with 
nominal SOI thickness of 10 nm. Calculated ILG with tSOI = 
8.5 and tox = 2.0 nm are also plotted. Indexes “1” to “5” 
represent subband-edge of four-fold valleys. 

Fig. 6. Calculated energies of subbands as a function of VLG 
for tSOI = 8.5 nm and tox = 2.0 nm. The solid lines and the 
dotted lines represent the subbands arising from the 
four-fold and the two-fold valleys, respectively. Arrows indi-
cate coincidence points with the gate Fermi surface and the 
subbands edge originating from four-fold valleys. 

(a) (b) (c) 

-263-

 



<<
  /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


