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Abstract: In this paper, the effect of hot carrier injection on an n-bulk fin field-effect transistor (FinFET) is analyzed.

The hot carrier injection method is applied to determine the performance change after injection in two ways, channel

hot electron (CHE) and drain avalanche hot carrier (DAHC), which have the greatest effect at room temperature. The

optimum condition for CHE injection is Vs=Vp, and the optimal condition for DAHC injection can be indirectly

confirmed by measuring the peak value of the substrate current. Deterioration by DAHC injection affects not only hot

electrons formed by impact ionization, but also hot holes, which has a greater impact on reliability than CHE. Further,

we test the amount of drain voltage that can be withstood, and extracted the lifetime of the device. Under CHE injection

conditions, the drain voltage was able to maintain a lifetime of more than 10 years at a maximum of 1.25 V, while

DAHC was able to achieve a lifetime exceeding 10 years at a 1.05-V drain voltage, which is 0.2 V lower than that of

CHE injection conditions.
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1. INTRODUCTION

MOSFETs have been continuously reduced in size to
improve the productivity and performance of integrated circuits.
However, as the size is reduced to nano meters, the gate
control is lowered and the leakage current increases [1,2]. A
3D FinFET has been developed to solve this problem [3,4].
Unlike conventional MOSFETs, FinFETs have higher gate
controllability for the channel portion because the gate
covers the channel region on three sides [5]. Therefore,
short channel effects (SCE) such as drain induced barrier
lowering (DIBL) and gate induced drain (GIDL) lowering
is possible, and leakage below the threshold voltage can
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be reduced. For this reason, FinFET is being used for
low power CPU/SOC mobile.

However, the VDDs are saturating at around level 1 V
due to the non scalable subthreshold slopes of the MOSFETSs
and the electric field increases with device scaling [6].
Therefore, finding a voltage that affects reliability by hot
carrier has been studied as a very important research
topic in recent years. In this paper, the substrate current
is measured according to channel length and total change to
investigate the characteristics of bulk FinFET and analyze
and report the operating voltage affecting element reliability.

2. RESEARCH METHOD

2.1 Hot-carrier injection mechanism

Figure 1 shows the hot-carrier injection mechanism of
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Fig. 1. (a) Channel hot electron

avalanche hot carrier injection.

injection and (b) drain

MOS transistors. Channel hot electron (CHE) is a phenomenon
in which lucky electrons with high energy are injected into
the oxide film near the drain. It can also be formed at
room temperature, causing significant degradation of the
oxide and Si-SiO, interface and a significant gate current
flow. Lucky electrons are electrons flowing from the
source to the drain, as shown in Fig. 1(a) because they
have enough energy to cross the barrier between Si-SiO,
without losing energy by collision in the channel. Ig max
due to CHE injection appears when V¢=Vp. Degradation
of the device is caused by carrier trapping and can be
confirmed through gate current. Therefore, it can be
seen that the most optimal condition for CHE injection
due to lucky electrons is Vg=Vp.

Drain avalanche hot carrier (DAHC) injection is the
gate currents of electrons and holes formed by impact
ionization and affects not only hot electrons but also
hot holes, causing the most severe degradation at room
temperature [7]. When Vg is sufficiently smaller than
Vp, the electric field near the drain becomes large
enough to effect of avalanche multiplication by impact
ionization. This phenomenon is called DAHC injection
and can be expressed as shown in Fig. 1(b) [8].

2.2 Experimental conditions

Figure 2 shows the structure of the n-type bulk FinFET
used in the experiment. These devices feature a high-k
gate dielectric (2.3 nm HfSiON on 1 nm interfacial oxide)
and 100 nm of polycrystalline silicon on top of a 5 nm
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Fig. 2. Definition of fin height, fin width, channel length, and
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Fig. 3. Hot carrier stress condition in n-type bulk FinFETs.

1. Vg=Vp, (CHE)
2. Vg=Vp /2 (DAHC) Vp=1.2V,

TiN metal gate. The source/drain access region is formed
by selective epitaxial growth of Si on the source and
drain areas, followed by NiPt silicidation.

Figure 3 shows the bias conditions for measuring trans-
conductance against voltage stress in a Bulk FinFET. The
drain voltage was changed to 1.2 V, 1.5 V, and 1.7 V to
measure the transconductance according to the stress time.

3. RESULTS AND DISCUSSIONS

3.1 Substrate current measurement

As mentioned above, DAHC injection is caused by
impact ionization. Therefore, substrate current (Isyp) is
used as a measure for hot carrier generation [9]. Due to
the electron-hole pair generated by the impact ionization,
the generated electrons move to the drain, generates a
drain current, and holes move to the substrate. At this
time, the current caused by the hole increases the substrate
voltage as it passes through the substrate, causing secondary

impact ionization in the drain-substrate depletion region
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Fig. 4. (a) The shift of the Isys peak when the channel length
and (b) voltage position of the Isyp peak as a function.

[10]. Figure 4 shows the dependence of the substrate
current on the channel length of the n-bulk FinFETs. At
low gate voltages, the substrate current increases with the
number of carriers inside the channel. As the gate voltage
increases further beyond a certain range, the electric field
at the channel and drain interface decreases, resulting in a
decrease in substrate current.

Additionally as shown in Fig. 4(b), for long channel
transistors, the Isys peak is obtained around Vs=Vp/2,
whereas for short channel transistors the Isys peak is shifted
towards Vs=Vp due to the short channel effect [11].

3.2 Hot carrier degradation measurement

Figure 5(a) shows the transconductance change under the
CHE (Vs=Vp) injection condition and Fig. 5(b) shows the
transconductance change under the DAHC (Vg=Vp/2)
injection condition. As shown in the figure, it was confirmed
that the bulk FinFET was damaged more in DAHC injection
condition. Figure 6 shows the operating voltages available under
CHE and DAHC injection conditions by specifying lifetime
as the point where gm max drops by 10%. To maintain
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a life time of at least 10 years, around 1.25 V drain voltage
can be used under CHE injection conditions, and around 1.05
V drain voltage can be used under DAHC injection conditions.
As a result, DAHC injection can cause significant damage

to the device even with a small drain voltage.

4. CONCLUSION

In this paper, hot carrier deterioration was analyzed in
n-bulk FinFET. In the case of DAHC injection, not only
hot electrons formed by impact ionization but also hot holes
are affected. We also tested how much drain voltage it was
able to with stand and extracted the lifetime of the device.
Under CHE injection conditions, the drain voltage could
maintain a lifetime of more than 10 years at a maximum of
1.25 V. However, DAHC could achieve a lifetime of more
than 10 years at a 1.05 V drain voltage, which is 0.2 V
lower than that of CHE injection conditions.

ORCID

Junsin Yi https://orcid.org/0000-0002-6196-0035

ACKNOWLEDGEMENT

The authors acknowledge with thanks to Samsung Electronics
Co. LTD., Korea, for their support and suggestions.

REFERENCES

[1] A. Chaudhry and M. J. Kumar, [EEE Trans. Device Mater.
Reliab., 4, 99 (2004). [DOI: https://doi.org/10.1109/TDMR.2004.
824359]

[2] J. H. Kim, A. R. Son, N. R. Jeong, and H. S. Shin, J. Inst.
Electron. Eng. Korea, 45, 15 (2008).

[3] W. J. Cho, H. M. Koo, W. H. Lee, S. M. Koo, and H. B.
Chung, J. Korean Inst. Electr. Electron. Mater. Eng., 20, 394
(2007). [DOI: https://doi.org/10.4313/JKEM.2007.20.5.394]

[4] J. H. Lee, IDEC Newslatter, 182, 6 (2012).

[5] D. James, Proc. Proceedings of the IEEE 2012 Custom
Integrated Circuits Conference (IEEE, San Jose, USA, 2012)
p. 1. [DOI: https://doi.org/10.1109/CICC.2012.6330644]

[6] G. Groeseneken, R. Degraeve, B. Kaczer, and K. Martens,
Proc. 2010 Proceedings of the European Solid State Device
Research Conference (IEEE, Sevilla, Spain, 2010) p. 64.
[DOI: https://doi.org/10.1109/ESSDERC.2010.5617735]

[7] M. Lenzlinger and E. H. Snow, Jpn. J. Appl. Phys., 40,
278 (1969). [DOI: https://doi.org/10.1063/1.1657043]

[8] Y. J. Lee, J. Korean Inst. Electr. Electron. Mater. Eng., 11,
26 (1998).

[9] C. Hu, S. C. Tam, F. C. Hsu, P. K. Ko, T. Y. Chan, and K.
W. Terrill, IEEE J. Solid-State Circuits, 20, 295 (1985). [DOI:
https://doi.org/10.1109/JSSC.1985.1052306]

[10] M. Koyanagi, A. G. Lewis, R. A. Martin, T. Y. Huang, and
J. Y. Chen, IEEE Trans. Electron Devices, 34, 839 (1987).
[DOI: https://doi.org/10.1109/T-ED.1987.23004]

[11] E. Li, E. Rosenbaum, J. Tao, G.C.F. Yeap, M. R. Lin, and
P. Fang, Proc. 1999 IEEE International Reliability Physics
Symposium Proceedings. 37th Annual (Cat. No.99CH36296)
(IEEE, San Diego, USA, 1999) p. 253. [DOI: https://doi.org/
10.1109/RELPHY.1999.761622]




<<
  /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


