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Errors in Projecting Gate Dielectric Reliability
From Fowler–Nordheim Stress to

Direct-Tunneling Operation
Paul E. Nicollian, Senior Member, IEEE

Abstract—The extrapolation of gate dielectric reliability of de-
vices that are stressed in the Fowler–Nordheim (F-N) tunneling
regime but operate in the direct-tunneling (D-T) region is analyzed
using the time-dependent dielectric-breakdown power law model.
Due to the differences in the slopes of the gate current versus
voltage characteristics between F-N and D-T, the widely estab-
lished practice of directly extrapolating the time to breakdown
from stress to operating conditions is, in general, not rigorously
correct. Reliability projections across a wide voltage space can
have significant errors, and the operating voltage that a technology
can safely sustain may be overestimated.

Index Terms—Breakdown, dielectric, oxide, reliability, SiON,
time-dependent dielectric breakdown (TDDB).

I. INTRODUCTION

I T IS WIDELY known that the breakdown of gate dielectrics
used to form the insulating films of MOSFET devices is a

serious reliability concern. Models used to project the time to
breakdown (tBD) from accelerated stress down to lower voltage
operating conditions have been extensively researched since the
1970s. In modern technologies with ultrathin gate dielectrics,
the time-dependent dielectric-breakdown (TDDB) power law
model [1] is commonly used for reliability assessments, where
tBD and the charge to breakdown (QBD) follow a power law in
gate voltage (VG)

tBD = aT VG
_NT

(1)

QBD = aQVG
_NQ

. (2)

The power law model arises when the mechanism for the
generation of trap states that lead to breakdown is the vibra-
tional excitation of silicon hydrogen bonds [2]. Since the ex-
ponents NT and NQ in (1) and (2) can be greater than 40 [1],
[2], the TDDB power law model results in optimistic lifetimes
compared to exponential models [1]. Accordingly, it should be
carefully examined for any application for which it is utilized.

For polysilicon gate devices with SiO2 dielectrics, if the
oxide voltage (VOX) is greater than the approximately 3 V
barrier height (ΦB) for the Si-SiO2 interface, electrons can be
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Fig. 1. Band diagrams for [(a) and (b)] F-N and [(c) and (d)] D-T. For
F-N, when VOX2 > VOX1, XT2 < XT1. For D-T, when VOX4 > VOX3,
XT4 = XT3. (e) Experimental JG versus VG curve for a 3.0 nm film and
(f) the corresponding slope ∂ ln(JG)/∂VG showing the effects of the transition
from D-T to F-N.

injected from the cathode into the oxide conduction band via
Fowler–Nordheim (F-N) tunneling through a triangular barrier
[3], [4], as shown in Fig. 1(a) and (b). For F-N, the tunneling
distance (XT ) decreases with increasing VOX. However, if the
dielectric thickness (tOX) is less than about 4 nm and VOX <
ΦB , then electrons can direct tunnel through a trapezoidal
barrier [5] from the cathode to the anode without entering the
oxide conduction band, as shown in Fig. 1(c) and (d). Unlike
F-N tunneling, for direct tunneling (D-T), XT is independent
of VOX and is always equal to tOX. For this reason, the slope of
the current–voltage curve will be higher for F-N compared to
D-T, as shown in Fig. 1(e) and (f). For oxides where nitrogen
has been incorporated to form SiON, ΦB can be less than 3 V
[6], [7]. Accordingly, TDDB stress of ultrathin SiON films may
occur in the F-N region. In this letter, we will show that the
higher F-N slope can lead to erroneous reliability projections
if accelerated testing is performed in the F-N regime and the
device operates in the D-T region. Consequently, the widely
used approach of directly extrapolating tBD to operating con-
ditions [1], [8], [9] is, in general, not valid. We show a simple
correction method to obtain accurate lifetimes.

II. RESULTS

Traps are generated in the oxide bulk and at its contact
interfaces when a voltage is applied across the gate dielectric of
a MOS device and a current passes through the film [10]. The
buildup of these traps leads to the breakdown of the dielectric.
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Fig. 2. Ratio of NJ/NT versus VG. NJ/NT becomes strongly VG de-
pendent and of nonnegligible magnitude when devices are stressed in the
F-N regime. The EOTs of the devices in this plot range from 1.0 to 3.2 nm.

The number of generated traps N(Q) increases as a power law
function of fluence [11]

N(Q) = bQm. (3)

At breakdown, N(Q) = NBD and Q = QBD. Rearrangement
of (3) yields

QBD = (NBD/b)1/m. (4)

The trap generation rate (PG) is calculated as

PG = ∂N(Q)/∂Q = mbQm−1
BD . (5)

Solving (4) for b and inserting it into (5) and rearranging terms
yields

QBD = mNBD/PG. (6)

The relationship between tBD and QBD is through the current
density (JG)

tBD = QBD/JG. (7)

The only VG-dependent term for QBD is PG, whereas tBD

is VG dependent through PG and JG. The power law model
exponents NT , NQ, and NJ defined for time, fluence, and
current, respectively, are

NT = − ∂(ln tBD)/∂ ln(VG) (8)

NQ = − ∂(ln QBD)/∂ ln(VG) (9)

NJ = ∂(ln JG)/∂ ln(VG). (10)

Inserting (8)–(10) into (7) yields

NT = NQ + NJ . (11)

For (11) to be valid, ln(tBD) versus ln(VG) must be a straight
line. However, NJ is not a constant slope due to the transition
from F-N to D-T at VOX = ΦB . Moreover, JG is not a power
law in VG [3]–[5] as required in (10). For these reasons, strictly
speaking, tBD is not a power law in VG, so the direct application
of (1) is not rigorously correct.

The ratio NJ/NT for the first breakdown event is shown in
Fig. 2 for NMOS devices with plasma-nitrided oxide films, with

Fig. 3. TDDB power law model exponent (y1-axis) and prefactor (y2-axis)
versus VG. The model parameters in (1) become VG dependent when the
voltage dependence of tunneling has been accounted for. The EOT is 3.0 nm,
and the devices were stressed in the F-N regime.

Fig. 4. (a) Ratio of t′BD/tBD for corrected to uncorrected TDDB model
parameters versus VG. The lifetime at operating conditions is overly optimistic
by several orders of magnitude for F-N stress and D-T operation. (b) Change
in safe operating voltage ΔVMAX for uncorrected models relative to corrected
models. The EOT is 3.0 nm, and the devices were stressed in the F-N regime.
For this case, the maximum safe operating voltage can be overestimated by up
to 250 mV for F-N stress and D-T operation.

25 different equivalent oxide thicknesses (EOTs) ranging from
1.0 to 3.2 nm. This variation of EOT enables the evaluation of
NJ/NT over a large voltage range. The contribution from the
current slope term NJ approaches 50% of NT for F-N stress,
whereas it only comprises 10% of NT in the D-T region. This
artifact is eliminated by extrapolating QBD from stress to lower
voltages using (2). After QBD is converted to tBD using (7),
aT and NT are recalculated iteratively from least squares fits
using (1). This eliminates the erroneously high values of these
parameters resulting from the NJ term.

The TDDB power law model parameters corrected for NJ

are shown in Fig. 3 for 3.0 nm EOT films stressed in the
F-N regime. Scaling from 3.7 V stress to 1.8 V operation,
NT decreases from 58 to 38, while aT drops by 9 orders of
magnitude. The effect on tBD is shown in Fig. 4(a), where
tBD is the lifetime extrapolated directly from (1) and t′BD is
the lifetime from corrected parameters. For the thicker films
that were subjected to F-N stress, lifetimes for uncorrected
models can be overly optimistic by several orders of magnitude,
whereas there is little impact on devices that were stressed in the
D-T region. For a five-fit average failure rate requirement, the
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maximum safe operating voltage for the 3.0 nm films that were
subjected to F-N stress can be overestimated by nearly 250 mV,
as shown in Fig. 4(b). In obtaining this result, we have assumed
that NQ is independent of VG. The cooperation between vibra-
tional and electronic excitation modes of the silicon–hydrogen
bond, which can result in NQ being lower at accelerated stress
compared to operating conditions [2], has not been factored in
because this potential gain may be offset by detrimental effects
of the nitrogen profile such as nonuniformity [9].

Whereas correcting for the differences in the voltage de-
pendences of F-N and D-T in SiON films results in lower
projected lifetimes at operating conditions, transport can have
the opposite effect on the reliability of high-k stacks. In the
SiO2/ZrO2 system, accounting for JG results in higher pro-
jected lifetimes for substrate injection due to the ZrO2 layer
becoming a tunneling barrier at low voltages [12]. This is a
different effect than we report in this letter, as it will occur
whether transport in the SiO2 portion of the SiO2/ZrO2 stack
is D-T or F-N. Accordingly, the effect of JG on TDDB must be
separately evaluated for any gate stack of interest.

III. CONCLUSION

For devices that are stressed in the F-N tunneling regime but
operate in the D-T region, dielectric reliability predictions are
unrealistically optimistic if projections using only the time to
breakdown are applied. This artifact arises from the differences
in the slopes of the current–voltage characteristics between
F-N and D-T. This problem is circumvented by invoking QBD

in projecting breakdown from stress to operating conditions.
Accordingly, the widely used approach of extrapolating di-
electric reliability directly from established time to breakdown
models is, in general, not correct.

ACKNOWLEDGMENT

The author would like to thank J. Ondrusek and S. Krishnan
for their support of this letter.

REFERENCES

[1] E. Y. Wu, J. Aitken, E. Nowak, A. Vayshenker, P. Varekamp, G. Hueckel,
J. McKenna, D. Harmon, L.-K. Han, C. Montrose, and R. Dufresne,
“Voltage-dependent voltage-acceleration of oxide breakdown for ultra-
thin oxides,” in IEDM Tech. Dig., 2000, pp. 541–544.

[2] J. Suñé and E. Y. Wu, “Mechanisms of hydrogen release in the breakdown
of SiO2-based gate oxides,” in IEDM Tech. Dig., 2005, pp. 399–402.

[3] R. H. Fowler and L. Nordheim, “Electron emission in intense electric
fields,” Proc. R. Soc. Lond. A, vol. 119, no. 781, pp. 173–181, 1928.

[4] E. H. Snow, “Fowler–Nordheim tunneling in SiO2 films,” Solid State
Commun., vol. 5, no. 10, pp. 813–815, 1967.

[5] K. F. Schuegraf, C. C. King, and C. Hu, “Ultra thin silicon dioxide leakage
current and scaling limit,” in VLSI Symp. Tech. Dig., 1992, pp. 18–19.

[6] D. M. Brown, P. V. Gray, F. K. Heumann, H. R. Philipp, and E. A. Taft,
“Properties of SiXOY NZ films on Si,” J. Electrochem. Soc., vol. 115,
no. 3, pp. 311–317, 1968.

[7] X. Guo and T. P. Ma, “Tunneling leakage current in oxynitride: Depen-
dence on oxygen/nitrogen content,” IEEE Electron Device Lett., vol. 19,
no. 6, pp. 207–209, Jun. 1998.

[8] R. Degraeve, N. Pangon, B. Kaczer, T. Nigam, G. Groeseneken, and
A. Naem, “Temperature acceleration of oxide breakdown and its impact
on ultra thin gate oxide reliability,” in VLSI Symp. Tech. Dig., 1999,
pp. 59–60.

[9] P. E. Nicollian, G. C. Baldwin, K. N. Eason, D. T. Grider,
S. V. Hattangady, J. C. Hu, W. R. Hunter, M. Rodder, and
A. L. P. Rotondaro, “Extending the reliability scaling limit of SiO2

through plasma nitridation,” in IEDM Tech. Dig., 2000, pp. 545–548.
[10] D. J. DiMaria, “Explanation for the polarity dependence of breakdown

in ultra thin silicon dioxide films,” Appl. Phys. Lett., vol. 68, no. 21,
pp. 3004–3006, 1996.

[11] D. J. DiMaria and E. Cartier, “Mechanism for stress induced leakage
currents in thin silicon dioxide films,” J. Appl. Phys., vol. 78, no. 6,
pp. 3883–3894, 1995.

[12] T. Kauerauf, R. Degraeve, E. Cartier, B. Govoreanu, P. Blomme,
B. Kaczer, L. Pantisano, A. Kerber, and G. Groeseneken, “Towards un-
derstanding degradation and breakdown of SiO2/high-k stacks,” in IEDM
Tech. Dig., 2002, pp. 521–524.

Authorized licensed use limited to: TEXAS INSTRUMENTS VIRTUAL LIBRARY. Downloaded on December 16, 2009 at 19:52 from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


