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Abstract—CDM ESD events can be a potential threat to SoC designs
or heterogeneous 3D ICs with multiple power domains. Inter-layer (or
interface) circuits may need a local CDM ESD clamp that can prevent the
unexpected failure under CDM ESD stress. In this letter, two local CDM
ESD clamp circuits are proposed. They show better clamping efficiency
under 2-ns VfTLP stress.

Index Terms—Electrostatic discharge (ESD), charged device model
(CDM), cross-power domains ESD events, 3D stacked ICs, vary-fast trans-
mission line pulsing (VfTLP) systems.

I. INTRODUCTION

Due to the increasing requirements for heterogeneous integration
in state-of-the-art applications, more advanced and beneficial method-
ologies, such as system in a chip (SiC) with 3D vertical integrations,
have been proposed in recent years. Such chips, referred to as 3D
ICs, are specifically integrated with different physically separated dies
connected by miniature vertical metallization structures which can be
Through-Silicon-Via (TSV) [1], micro solder bump bonding [2], and
so on. Multi-functional blocks are integrated in a SiC and usually
possess their individual power/ground supplies for circuit performance
requirements and noise coupling prevention. In a heterogeneous 3D in-
tegration system, multi-power-domain Electrostatic Discharge (ESD)
protection will become a challenge [3], [4], especially for CDM ESD
events [5]. Due to the very short rise time and huge amplitude of the
CDM ESD peak current, the thin gate oxide of internal transistors can
be easily damaged during CDM ESD events. An additional ESD clamp
device, such as a gate-grounded NMOS (GGNMOS) [5], is locally
added to limit the overvoltage across the internal gate oxide. However,
GGNMOS cannot provide an efficient protection of thin gate oxide in
nano-scale CMOS IC products, because of its higher trigger voltage
under negative CDM ESD stress [6]—[9].

In this work, two CDM ESD protection designs are proposed. With
simple trigger circuits, the trigger voltage can be reduced and the turn-
on uniformity can be improved. In Sections II and III, the proposed
designs are compared with the prior art to show its benefits in 3D IC
multi-power-domain applications. Detailed circuit operations of the
proposed designs are included in Section III. Section IV shows the
verifications of the proposed designs by VfTLP stress. Finally, this
abstract closes with the conclusions.
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Fig. 1. Schematic illustration of 3D IC applications with the ground current
trigger (GCT) technique which needs an external control signal from a different
power domain or even from a different layer.

II. AcTive CDM ESD CLAMP

In order to reduce trigger voltages, some active CDM ESD clamps
have been presented [7]-[9]. However, most of them are not optimized
for 3D IC applications. The ground current trigger (GCT) technique
[7] and the enhanced initial-on PMOS clamp [8], [9] need additional
control signals from different power domains or even from different
circuit blocks. In 3D IC applications, once the circuit blocks are placed
in different dies, the additional control signals will increase the vertical
routing effort, for example, more TSVs have to be inserted for the
active CDM ESD clamps, as shown in Fig. 1. In addition, the PMOS
clamp [8], [9] cannot be used for high voltage to low voltage (HV-to-
LV) interfaces and power down mode applications due to an unwanted
on-state of the PMOS clamp. Once the potential of VDD2 (the gate
node of the PMOS clamp) is lower than the signal path between two
different power domains, the PMOS clamp is turned on which induces
huge leakage current during normal circuit operation. In order to solve
this unwanted leakage path, a special trigger circuit is also proposed in
the following session.

III. TWO PROPOSED DESIGNS

Fig. 2 shows the proposed CDM ESD clamp circuit, Design A,
without any external control signals. The main CDM ESD clamp
NMOS (Mclamp) is controlled by a one stage inverter (Mp1 and Mn1).
The gate terminal of this inverter is connected to the same local VDD2
node.

Under the cross-power domain ESD stress (positive stress from
VDDI1 to grounded VSS2), the VDD2 is kept floating and the Mpl
can be quickly turned on to trigger the Mclamp. During normal circuit
operations, VDD?2 is biased at normal VDD potential, the Mp1 and
Mclamp are both kept off. However, for HV-to-LV and power down
mode applications, Mp1 will be turned on which induces an unwanted
Mclamp mis-triggering. Therefore, a special CDM ESD clamp circuit,
Design B, is proposed and shown in Fig. 3.

The stacked Mp2 and Mp3 are inserted between the signal path and
VDD2. The gate terminal of the inverter is connected to the node,
VDD2_E, between Mp2 and Mp3. Under normal circuit operation,
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Fig. 2. The proposed Design A which consists of a main ESD clamp NMOS,
Mclamp, one stage inverter of Mpl and Mnl. The inverter is controlled by the
VDD?2 in the same power domain without any control signal from outside.
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Fig. 3. The proposed Design A which consists of a main ESD clamp NMOS,
Mclamp, one stage inverter of Mp1 and Mnl. The inverter is controlled by the
VDD?2 in the same power domain without any control signal from outside.

TABLE 1
THE FUNCTIONAL STATE OF EACH DEVICE IN DESIGN B WHEN VDD2
POTENTIALS ARE HIGH, FLOATING, AND LOW WHICH RESPECTIVELY
REFER TO NORMAL OPERATION, ESD STRESS, AND POWER DOWN
MODE. THE ARROWS INDICATE THE TRANSIENT SWITCH
UNDER THE CORRESPONDING SCENARIOS

VDD2 Mpl Mp2 Mp3  Mclamp Mnl
High Off Off On Off On
Floating On=>Off On=>0ff Off On=>0ff Off»On
Low On=>0ff On=>0ff Off On=>0ff Off9On

the VDD2_E node can be charged to the same potential of VDD2
through the on-state Mp3. On the other hand, Mp2 can charge the
VDD2_E node also to high in HV-to-LV and power down mode
applications. Mpl and Mclamp can be switched “OFF” preventing
thereby an unwanted mis-triggering. In order to ensure the trigger-
ing of Mpl under cross-power-domain ESD stress, the device size
of Mp2 must be smaller than that of Mpl. Before the node of
VDD_2 is charged up, Mpl can be kept at “ON” to trigger Mclamp.
The functional state of each device in Design B is illustrated in
Table I with 3 different scenarios which are the normal operation
(VDD2 = “High”), the cross-power-domain ESD stress (VDD2 =
“Floating”, and the power down mode (VDD2 = “Low”).

IV. RESULTS AND DISCUSSION

These two proposed designs are implemented in a 0.13 um
1.2 V fully silicide CMOS technology with a gate oxide thickness
of 2.8 nm. They are verified with 2 ns very fast Transmission Line
Pulsing (TLP) with 200 ps rise time. The on-wafer HANWA T5000
TLP/VITLP tester is used to get insights into the ESD device char-
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Fig. 4. The illustrated schematic of the test structures used in this work. ESD
stressed on the signal path with the grounded VSS2 to simulate the cross-power
domain ESD stress.
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Fig. 5. 2-ns vfTLP IV characteristics of traditional GGNMOS and the pro-
posed Design A. Design A shows two different discharge modes which are
channel conduction and parasitic npn bipolar action of Mclamp.

acteristics in the CDM ESD time domain. All of the test structures
are designed in parallel with a gate monitor structure to evaluate the
efficiency of the gate oxide protection, as shown in Fig. 4. The gate
monitor is NMOS capacitance with the gate length and width of 1 pm.
After each vfTLP stress, the 1.2 V DC leakage measurement is
executed between signal path and VSS2. The VDD2 is biased at 1.2 V
during the leakage measurement.

A. Proposed Design A

Fig. 5 shows the vfTLP IV characteristics of the traditional GGN-
MOS and the proposed Design A.

Compared with the traditional GGNMOS, Design A has a better
clamping efficiency. Although the failure current level (1¢2) is slightly
lower in Design A, it possesses a lower trigger voltage (Vt1) of the
parasitic npn bipolar and a lower on resistance (Ron). Design A
shows two current conduction modes. At lower vfTLP stress levels, the
current is mainly discharged through the channel of Mclamp. Then, as
the vfTLP stress levels increases, the current is discharged through the
parasitic npn bipolar of Mclamp. At a current level of 14 mA/um, the
clamping voltage of Design A is around 2 V lower than in a traditional
GGNMOS. This can be attributed to a more uniform current distribu-
tion along the layout width in the proposed Design A due to the gate
driven technique. The gate driven capability of Mclamp is dominated
by the W/ L ratio of Mp1 and Mn1. With same sizes of Mn1, the larger
W/ L of Mpl has larger gate driven capability. Fig. 6 shows the vfTLP
IV characteristics of Design A with different W/ L ratios of Mpl.
Besides a small variation of 12, the Vt1 and Ron are similar in these
three designs. The clamping efficiency is not impacted by the W/L
ratio of Mp1 when the W/ L ratio of Mpl is larger than 40.
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Fig. 6. 2-ns vfTLP IV characteristics of the proposed Design A with different
W/ L ratios of Mp1. The W/L ratio does not have strong impact on the trigger
performance.
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Fig.7. 2-ns vfTLP IV characteristics of the proposed Design A and B. Design
B shows only one discharge mode which is parasitic npn bipolar action of
Mclamp.

B. Proposed Design B

Fig. 7 shows the VfTLP IV characteristics of the proposed Design
A and B. Design B does not show two current conduction modes.
Mclamp does not provide an efficient channel to discharge the current
below 4 V. Then, above 4 V, Mclamp directly switches into the
parasitic npn bipolar action. The clamping voltage of Design B is

even lower than the one of Design A. The Ron of these two designs
are rather similar, and also the V'¢1 of the parasitic npn bipolars are
both ~4 V. The similar Ron indicates that the current distribution
along the layout width in Design B is as uniform as in Design A.
The trigger elements in Design B can well turn-on the parasitic npn
bipolar during 2 ns vfTLP stress. However, the holding voltages (V' h)
of Design A and Design B have a difference of ~0.5 V. The V' h of the
traditional GGNMOS, Design A and Design B are ~4 V, ~4.4 V and
~3.8 V, respectively. The difference implies that the different trigger
mechanisms can influence the current distribution between channel
conduction and parasitic npn bipolar action during 2 ns vfTLP stress.

V. CONCLUSION

In this work, we propose two local CDM ESD clamps for cross-
power-domain interfaces in SoC designs or 3D IC applications. The
proposed designs, Design A and B, do not need any external control
signals which can cause an additional routing effort in real applica-
tions. The proposed Design B can be even used in HV-to-LV interfaces
or in power-down mode applications. The experimental results show a
better clamping efficiency in Design B. It presents the lowest clamping
voltage due to the more suitable current distribution.

REFERENCES

[1] J. Van Olmes et al., “3D stacked IC demonstration using through Silicon
via first approach,” in IEDM Tech. Dig., 2008, pp. 1-4.

[2] A. Yu et al., “Study of 15 pm pitch solder microbumps for 3D IC integra-
tion,” in Proc. ECTC, 2009, pp. 6-10.

[3] M.-D. Ker, “ESD protection circuit for mixed mode integrated circuits with
separated power pins,” U.S. Patent 6 075 686, Jun. 16, 2000.

[4] E. Worley, “Distributed gate ESD network architecture for inter-power
domain signals,” in Proc. EOS/ESD Symp., 2004, pp. 1-10.

[5] S.-H. Chen et al., “Active ESD protection circuit design against charged-
device-model ESD event in CMOS integrated circuits,” J. Microelectron.
Rel., vol. 47, no. 9-11, pp. 1502-1505, 2007.

[6] N. Kitagawa, H. Ishii, J. Watanabe, and M. Shiochi, “An active ESD
protection technique for the power domain boundary in a deep submicron
IC,” in Proc. EOS/ESD Symp., 2006, pp. 196-204.

[7] M. Okushima, “ESD protection design for mixed-power domains in 90 nm
CMOS with new efficient power clamp and GND current trigger (GCT)
technique,” in Proc. EOS/ESD Symp., 2006, pp. 205-213.

[8] S.-H. Chen, M.-D. Ker, and H.-P. Hung, “Active ESD protection design for
interface circuits between separated power domains against cross-power-
domain ESD stresses,” IEEE Trans. Device Mater. Rel., vol. 8, no. 3,
pp. 549-560, Sep. 2008.

[9] C.-Y. Lin and M.-D. Ker, “CDM ESD protection design with initial-on
concept in nanoscale CMOS process,” in Proc. IPFA, 2010, pp. 1-4.




<<
  /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


