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Abstract—Program-charge effects in a SONOS Flash cell on the
amplitude of random telegraph noise (RTN) are investigated. We
measure RTN in 45 planar SONOS cells and 40 floating-gate (FG)
cells in erase state and program state, respectively. We find that
a SONOS cell has a wide spread in RTN amplitudes after pro-
gramming, while an FG cell has identical RTN amplitudes in erase
and program states at the same read-current level. A 3-D atomistic
simulation is performed to calculate RTN amplitudes. Our result
shows that the wide spread of program-state RTN amplitudes in
a SONOS cell is attributed to a current-path-percolation effect
caused by random discrete nitride charges.

Index Terms—Percolation, program charge, random telegraph
noise (RTN), SONOS.

I. INTRODUCTION

RANDOM telegraph noise (RTN) arising from electron
emission and capture at an interface-trap site has been

recognized as a new scaling constraint in Flash memories
[1]–[4]. Vt fluctuations originating from a large-amplitude
RTN tail will cause a read failure and become a prominent
issue in designing a multilevel-cell (MLC) Flash memory in
a 45-nm technology node and beyond [3], [4]. Recently, a
statistical model based on a 3-D Monte Carlo simulation [5],
[6] has shown that the amplitudes of RTN and, thus, the Vt

fluctuations exhibit an exponential distribution, i.e., f(ΔVt) =
exp(−ΔVt/σ)/σ [4]. In a floating-gate (FG) Flash memory,
an RTN tail is attributed to a current-path-percolation effect

Manuscript received July 5, 2009; revised August 4, 2009. First published
October 2, 2009; current version published October 23, 2009. This work was
supported in part by the National Science Council, Taiwan, under Contract
NSC-96-2628-E009-165-MY3. The review of this letter was arranged by
Editor C.-P. Chang.

H. C. Ma, Y. L. Chou, and J. P. Chiu are with the Department of
Electronics Engineering, National Chiao Tung University, Hsinchu 300,
Taiwan (e-mail: hcma.ee94g@nctu.edu.tw; novicent.ee95g@nctu.edu.tw;
clouders.ee96g@nctu.edu.tw).

T. Wang is with the Department of Electronics Engineering, National Chiao
Tung University, Hsinchu 300, Taiwan, and also with the Macronix Interna-
tional Company, Ltd., Hsinchu 300, Taiwan (e-mail: twang@cc.nctu.edu.tw).

S. H. Ku, N. K. Zou, V. Chen, W. P. Lu, K. C. Chen, and C.-Y. Lu are
with the Macronix International Company, Ltd., Hsinchu 300, Taiwan (e-mail:
shku@mxic.com.tw; nkzou@mxic.com.tw; VincentChen@mxic.com.tw;
WPLu@mxic.com.tw; kcchen@mxic.com.tw; cylu@mxic.com.tw).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2009.2030589

Fig. 1. Measured relative RTN amplitude versus drain–current in an FG flash
cell in erase and program states in three P/E cycles. The Vt window is 1 V. The
drain voltage measurement is 0.7 V, and the gate voltage varies. The FG cell
has W/L = 0.11 μm/0.09 μm and an 8-nm tunnel oxide.

due to random dopants in a substrate, and σ is dependent on a
substrate-doping concentration. Unlike an FG Flash cell, where
program charges are stored in a conducting poly-silicon and
have a continuous distribution, program charges in a SONOS
cell are stored in silicon-nitride traps. Because of the nature
of random nitride charge trapping, a current percolation path
in a SONOS cell is formed by both substrate dopants and
program charges. In this letter, we will investigate program-
charge effects on RTN amplitudes in an MLC SONOS.

Program- and erase-state RTNs are characterized in planar
SONOS Flash cells and FG Flash cells. The SONOS cell
has a 6-nm top oxide, a 6-nm nitride layer, and a 2.8-nm
bottom oxide. The device area is 0.09 × 0.08 μm2. Uniform FN
injection is employed for program and erase. The program Vt

window is chosen to be 1 V for MLC application. A 3-D Monte
Carlo simulation is performed to calculate an RTN amplitude
due to a percolation effect. Our simulation does not consider a
local modulation in mobility associated with an interface charge
[5]. The drain–current variation due to number fluctuation will
be examined.

II. RESULTS AND DISCUSSION

We measured single-trap RTN amplitudes (ΔId/Id) in an FG
Flash cell. The erase- and program-state RTN amplitudes versus
the drain–current in three program/erase (P/E) cycles are shown
in Fig. 1. The program Vt window is 1 V. In RTN measurement,
the drain voltage is 0.7 V, and the gate voltage varies such that
the drain–current ranges from 50 nA to 2 μA. In Fig. 2, we
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Fig. 2. Program-state RTN amplitude versus erase-state RTN amplitude in
40 FG cells. The RTN is measured at Id = 500 nA, and Vd = 0.7 V. The
Vt window is 1 or 2 V.

Fig. 3. Measured RTN amplitude versus drain–current in a SONOS Flash
memory cell in three P/E cycles. The drain voltage measurement is 0.7 V. The
Vt window is 1 V. The cell has W/L = 0.09 μm/0.08 μm.

Fig. 4. Program-state RTN amplitude versus erase-state RTN amplitude in
45 planar SONOS cells. The RTN is measured at Id = 500 nA, and Vd =
0.7 V. The Vt window is 1 V.

trace the RTN amplitudes from erase state to program state in
40 FG cells. Program- and erase-state RTNs have almost iden-
tical amplitudes at the same read-current level. This result
implies that program charges in an FG cell do not have an effect
on RTN amplitudes. In other words, they do not alter a current
percolation path caused by random dopants. We changed the
program Vt window from 1 to 2 V, and the result remains
the same (Fig. 2). In contrast, a distinctly different feature
is obtained in a SONOS Flash cell. Fig. 3 shows measured
erase- and program-state RTN amplitudes in a SONOS cell
in three consecutive P/E cycles. Two-level current switching
is observed, showing that RTN arises from a single interface
trap, and no additional traps are created during P/E cycles.
The program-state RTN varies from cycle to cycle. Fig. 4
shows program-state RTN amplitude versus erase-state RTN
amplitude in 45 SONOS cells. The RTN amplitude exhibits a

Fig. 5. Simulated RTN amplitude versus read current in a SONOS Flash
cell. In simulation, dopants and program charges are randomly placed in the
substrate and in the nitride layer, respectively. Ten sets of random nitride
charges having a similar program state Vt are simulated with a fixed substrate-
dopant placement.

wide spread after programming and is almost independent of
erase-state, suggesting that program charges play a major role
in RTN. To calculate a nitride trapped-charge effect on RTN,
we performed a 3-D atomistic simulation with random discrete
program charges and substrate dopants. In an FG cell simula-
tion, only substrate dopants are randomly placed, and program
charges have a continuous distribution. An equipotential con-
dition in an FG is obtained in the simulation. We calculate
the change of the drain–current due to trapping/detrapping of
an interface charge placed in the center of the device. Our
simulation shows that RTN in program and erase states have
the same amplitude, which is in agreement with our measured
result. The simulated RTN amplitudes in a SONOS cell are
shown in Fig. 5. Ten different sets of random nitride charges
having a similar program state Vt are simulated. The number
of nitride electrons in simulation is 180. In all simulations
(program state or erase state), a fixed placement of random
substrate dopants is used. The RTN amplitude due to a number-
fluctuation effect is simulated by assuming continuous substrate
doping and program-charge distributions. The simulated RTN
amplitude resulting from number fluctuation is less than 10%
in the current device. The program- and erase-state RTN am-
plitude is much larger than the current variation due to number
fluctuation. This suggests that the large-amplitude RTN results
from a percolation effect caused by nitride trapped charges.
In Fig. 5, we observe a wide spread in program-state RTN
amplitudes in a SONOS cell since each set of program charges
results in a different current percolation path. The large spread
of program-state RTN amplitudes from cycle to cycle in Fig. 3
can be also realized.

III. CONCLUSION

Read failure due to a large-amplitude RTN tail is an urgent is-
sue in Flash-memory scaling. Random program-charge effects
in a planar SONOS cell on RTN have been characterized and
simulated. In an FG cell, the RTN tail is mainly attributed to
random substrate dopants, while in a SONOS cell, the perco-
lation path and, thus, the amplitude of RTN are determined by
both substrate dopants and program charges. Our simulation has
shown that random program charges have a large effect on RTN.
This effect has to be considered in RTN modeling in a program
state of an MLC SONOS.



1190 IEEE ELECTRON DEVICE LETTERS, VOL. 30, NO. 11, NOVEMBER 2009

REFERENCES

[1] N. Tega, H. Miki, T. Osabe, A. Kotabe, K. Otsuga, H. Kurata, S. Kamohara,
K. Tokami, Y. Ikeda, and R. Yamada, “Anomalously large threshold voltage
fluctuation by complex random telegraph signal in floating gate Flash
memory,” in IEDM Tech. Dig., 2006, pp. 491–494.

[2] P. Fantini, A. Ghetti, A. Marinoni, G. Ghidini, A. Visconti, and
A. Marmiroli, “Giant random telegraph signals in nanoscale floating-gate
devices,” IEEE Electron Device Lett., vol. 28, no. 12, pp. 1114–1116,
Dec. 2007.

[3] H. Kurata, K. Otsuga, A. Kotabe, S. Kajiyama, T. Osabe, Y. Sasago,
S. Narumi, K. Tokami, S. Kamohara, and O. Tsuchiya, “The impact of

random telegraph signals on the scaling of multilevel Flash memories,” in
Proc. VLSI Circuits Symp. Dig., 2006, pp. 112–113.

[4] K. Fukuda, Y. Shimizu, K. Amemiya, M. Kamoshida, and C. Hu, “Random
telegraph noise in Flash memories: Model and technology scaling,” in
IEDM Tech. Dig., 2007, pp. 169–172.

[5] A. Ghetti, M. Bonanomi, C. M. Compagnoni, A. S. Spinelli,
A. L. Lacaita, and A. Visconti, “Physical modeling of single-trap RTS
statistical distribution in Flash memories,” in Proc. IEEE-IRPS, 2008,
pp. 610–615.

[6] A. Asenov, R. Balasubramaniam, A. R. Brown, and J. H. Davies, “RTS
amplitudes in decananometer MOSFETs: 3-D simulation study,” IEEE
Trans. Electron Devices, vol. 50, no. 3, pp. 839–845, Mar. 2003.



<<
  /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


