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1. Introduction 

In advanced CMOSFETs, mobility enhancement using 
channel strain is a post scaling technology [1,2]. Since the 
channel strain is affected by the mechanical stress of device 
components as shown in Fig. 1, it is necessary to consider the 
influences of channel strain in device/circuit design. 

Nano-Beam electron diffraction (NBD) is the local 
lattice strain measurement method which uses a transmission 
electron microscope [3]. In conventional NBD, small 
reciprocal lattice vectors, such as (044), are used, where the 
measurement error is thought to be about ±1×10-3. However, 
larger reciprocal lattice vectors have a smaller measurement 
error, which enables systematic and detailed channel strain 
measurements.  

We improved the accuracy of NBD using large 
reciprocal lattice vectors, adapting it for systematic channel 
strain measurements. We measured the channel strain which 
depends on the distance between the gate-electrode and 
shallow trench isolation (STI). We showed that the channel 
strain was inversely proportionally dependent on this distance 
and that it changed compressively by 2×10-3 due to STI stress 
with a decrease in that distance. This compressive strain 
results in about a 5% variation in the drive current in 
n-/p-MOSFETs. Therefore, we concluded that STI stress 
reduction is effective for controlling drive current variation, 
depending on the circuit’s layout. 
 
2.High-accuracy nano-beam electron diffraction (NBD) 

Using the Bragg’s equation, the Bragg angle change 
(ΔθB) due to strain (Δd/d) is expressed as ΔθB=-g×(Δd/d)/(2K), 
where g and K is the absolute value of the reciprocal lattice 
vector and the incident electron waveumber, respectively. A 
larger g gives a larger ΔθB for constant strain, resulting in high 
strain sensitivity. Therefore, it is possible to improve the 
accuracy by measuring a larger reciprocal lattice vector in 
NBD. Figure 2 plots the standard deviations in our NBD 
strain measurements against the absolute value of reciprocal 
lattice vectors used in the measurements. To observe larger 
reciprocal lattice vector results in the smaller standard 
deviations. We used the reciprocal lattice vector (660) for the 
normal strain in the channel length direction in the following 
results. 

NBD was observed using a TOPCON 002B transmission 
electron microscope with a 3 nm  diameter electron probe. 
 
3. Channel strain depending on distance from 
gate-electrode to shallow trench isolation 

The distance between the gate-electrode and STI in 
the channel direction is defined as LSD and is shown in Fig. 
3(a). We measured the channel strain in the channel length 
direction (εxx) of [110] channel MOSFETs at positions 
indicated by numbers in Fig. 3(b). In Fig. 3(c), averaged εxx 
over measurement positions from 1 to 5 are plotted against 
LSD (closed circle) and 1/LSD (open circle). We found 
that the averaged εxx changes compressively with a 
decrease in LSD. In particular, it changes drastically at  
LSD<1um. Furthermore, we found that averaged εxx has 
1/LSD dependence on LSD. This 1/LSD dependence of the 
channel strain was interpreted as follows: assuming that the 
mechanical stress of STI is represented by the stress caused 
by the force F acting locally at the STI edge, as shown in 
Fig. 4(a), the mechanical stress at the center of channel σxx 
is calculated approximately as -4F/(πLSD) [3]. Therefore, 
averaged εxx has inversely proportional dependence on 
LSD. Although the 1/LSD dependence of σxx was predicted 
by Bianchi et al., [4] using finite element simulation, we 
proved it experimentally for the first time. 

In Fig. 5, the drive current (Ion) is plotted against the 
averaged εxx for n-/p-MOSFET. The Ion changes linearly 
against averaged εxx in each type of MOSFET. The sings of 
the slopes are different. This difference is due to the fact 
that electron/hole mobility decreases/increases with 
compressive strain in the channel length direction in a 
[110] channel MOSFET [2]. Furthermore, a compressive 
strain of 2.0×10-3 results in about a 5% drive current 
variation for both types of MOSFETs. This result and the 
drastic change of averaged εxx in LSD<1um (Fig. 3(c)) 
indicate that one should pay attention to the channel strain, 
and in particular to the channel strain in the case of 
LSD<1um in device/circuit design. 
 
4. Conclusions 

Based on our measurements taken using 
high-accuracy NBD, the dependence of the channel strain 
on the gate-electrode to STI distance was clarified. The 
absolute value of channel strain is inversely proportionally 
dependent on the gate-electrode to STI distance. The drive 
current of n-/p-MOSFET changes about 5% with 2×10-3 
channel strain variation. This result suggests that reduction 
of STI stress is effective for controlling drive current 
variation depending on circuit layout, and that clarifying 
circuit layout dependence and/or device dimension 
dependence of the channel strain can provide effective data 
for device and circuit design. 
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Fig. 1 Mechanical stress sources in an advanced CMOSFET. 
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Fig. 2 Standard deviation of measured strain against 
absolute value of reciprocal lattice vectors used in 
measurements.

Fig. 3 (a) Schematics defining LSD. (b) Cross-sectional 
TEM image indicating strain measurement positions. (c) 
Dependence of averaged εxx on LSD(closed) and 1/LSD 
(open).
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Fig. 4 A model of channel stress caused by STI. Fig. 5 Dependence of Ion on channel strain in 
n-/p-MOSFET.

(c)

Previous works

This work

LSD

LSD

Io
n/

Io
n (

st
ra

in
=6

x1
0  

)

Averaged       [x10-3]

-4

n-FET
p-FET

εxx

-2.5 -2.0 -1.5 -1.0 -0.50.95

1

1.05

LSD [um]

Av
er

ag
ed

   
   

 [x
10

-3
]

1/LSD [um-1]

ε x
x

0 5 10-3.0

-2.0

-1.0

0

0 1 2 3

-937-



<<
  /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




