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Abstract - In this paper, an electrical-thermal co-analysis method
for power delivery networks in 3D system integration is proposed.
For electrical analysis, temperature-dependent electrical
resistivity of conductors is taken into account. For thermal
analysis, Joule heating effect due to the current flowing through
conductors is considered. The proposed co-analysis method is
carried out using Rgen and ChipJoule of IBM EIP Tool Suite. An
example of 3D integration system including stacked chips, power
delivery network, glass-ceramic substrate, through-silicon vias,
controlled collapse chip connections (C4s), underfill material, and
TIM is analyzed using the proposed method. The simulation
results show that the temperature effect on IR drop can not be
neglected. The error of not considering thermal effect on IR drop
is about 20% in the example.
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L INTRODUCTION

With the emerging technology of 3D integration enabled by
through-silicon vias (TSVs), heat flux density increases
dramatically because of stacked chips in z-direction [1]. As a
result, thermal problem in 3D system integration becomes more
critical compared to 2D system integration, leading to the point
where temperature effects have become important. Therefore,
the temperature effects on electrical performance of 3D system
should be considered carefully in electrical design. In particular,
the non-uniform temperature distribution affects the electrical
performance of power delivery networks.

The PDN should be designed to limit IR drop within certain
range. Basically, the conductors in the PDN will cause IR drop
due to their electrical resistivity. Since their electrical resistivity
is a function of temperature, the IR drop of the PDN will be
affected by non-uniform thermal distribution in the whole
system. Moreover, non-uniform Joule heating generated by the
PDN and stacked chips will affect the thermal profile again.
Thus, the electrical and thermal fields in 3D systems are fully
coupled together. Without considering the thermal effects on
the PDN in 3D systems, the total IR drop will be under-
estimated. In order to obtain accurate PDN characteristics,
accurate electrical-thermal co-analysis method is strongly
required.

Several electrical-thermal co-analysis methods have been
developed, such as the simulator coupling based method [2],
Green-function based method [3], and finite difference based
method [4]. However, they are focused on on-chip analysis. For
accurate PDN design, all system components such as metal
planes, packages and chips should be included. Especially in
3D system integration, the PDN consists of not only power
planes and metal traces, but also many vertical interconnects
such as TSVs and C4s between the stacked chips. In this paper,
all of the above system level components are included in the
electrical-thermal co-analysis, so that accurate analysis results
of the PDN in 3D integrated system can be acquired.

The organization for this paper is as follows. The proposed
electrical-thermal co-analysis method for PDN is explained in
section II. A 3D integration example and co-analysis results are
shown in section III. And the conclusions are shown in section
IV.

II. ELECTRICAL-THERMAL CO-ANALYSIS METHOD

In the steady state, the governing equation for voltage
distribution in PDN can be expressed as:

1
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where, ¢(x,y,z) represents the voltage distribution and
p(x,y,z,T) is the electrical resistivity. Since the electrical
resistivity is temperature-dependent, it is described by:

p = poll +a(T ~Ty)] @)
where, p, is the electrical resistivity at 7, which is 20 °C,

and « is the temperature coefficient of electrical resistance
[5]. As temperature increases, the electrical resistivity of the
conductors goes up and eventually affects PDN characteristics.
The temperature-dependent resistivity of several conductors is
shown in Fig. 1.

Moreover, the Ohmic loss due to the current flowing
through conductors in PDN is converted to Joule heating. It can
be expressed as:

P(x,y,z)= J - E(x, y,z) 3)



where, J is the current density in PDN and E(x,y,z) is the

electrical filed distribution. The generated Joule heating
becomes new excitation for the thermal distribution profile,
which can be solved using the heat diffusion equation:

V-[k(x, 3,2, TWVT(x,,2)| = —P(x, 7,2) )

where, k(x,y,z,T) is the temperature-dependent thermal

conductivity and T'(x, y,z) is the temperature distribution [6].

The new temperature distribution will change the electrical
resistivity of conductors in PDN again. In this way, the
electrical and thermal fields are coupled and affect each other.
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Figure 1. Temperature-dependent resistivity of conductors.

The relationship between thermal and electrical fields can
be summarized as in Fig. 2. As shown in this figure, the
thermal and electrical fields are coupled together as a closed
loop.
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Figure 2. The relationship between thermal and electrical fields.

Based on the above relationship, an electrical-thermal co-
analysis method for PDN is proposed. The proposed co-
analysis procedure for PDN is shown in Fig. 3 and explained as
follows:

1) Setting input information including geometry, initial
material properties, excitations, and boundary
conditions for steady state electrical and thermal
analysis.

2) Steady state electrical solving for voltage, current, and
power distribution profiles in PDN.

3) Heat sources (Joule heating) calculation from the
power distribution profile.

4) Steady state thermal solving to obtain the temperature
distribution profile based on the input thermal
boundary conditions and new heat sources from step 3.

5) Updating electrical resistivity of conductors in PDN
based on the temperature distribution profile in step 4.

6) Determining whether temperature and voltage
distributions converge or not. If they do not converge,
it goes back to step 2. If converge, the co-analysis is
ended and final results are shown.

In the proposed electrical-thermal co-analysis procedure,
the DC IR drop simulation tool Rgen and thermal simulation
tool ChipJoule of IBM EIP Tool Suite are adopted for steady
state electrical and thermal analysis, respectively [7]. In
electrical analysis, the electrical resistivity of conductors in
PDN including copper, tungsten for TSVs, Sn-0.7Cu for C4
balls are all considered as temperature-dependent parameters.
In the thermal analysis, the thermal conductivities of
conductors and dielectrics are considered as constant for
simplicity. The top heat sinks are modeled as ideal heat sinks
with constant room temperature of 25 °C . Initially, the system
temperature including chip temperature is assumed to be room
temperature at the beginning of the co-analysis.
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Figure 3. The proposed electrical-thermal co-analysis procedure for PDN.

III. 3D SYSTEM EXAMPLE AND ANALYSIS RESULTS

A 3D integration system with two sets of stacked chips is
analyzed employing the proposed co-analysis method. The
detailed structure of the 3D system is shown in Fig. 4. Two
metal layers are shunted together with multiple-vias in glass-
ceramic substrate. A 2.5 V voltage source is placed at the
corner of the package. In each set of stacked chips, the memory
chip is stacked on top of the CPU chip using TSVs and C4s.
The package size is 20 cm * 20 cm and the size of each chip is
1.2 cm * 1.2 cm. The detailed geometry and material
parameters are summarized in Table I.

In this example, the power consumption for Chipl (CPU1),
Chip2 (RAM1), Chip3 (CPU2), and Chip4 (RAM2) are 60 W,
10 W, 30 W and 10 W, respectively. The non-uniform power



maps are used for CPUs while uniform power maps are
adopted for memories as shown in Fig. 5. The TSV
configuration for the stacked chips is illustrated in Fig. 6, in
which the top chip and bottom chip use different power supply
TSVs in order to reduce the IR drop for the top chip.
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Figure 4. 3D integrated sytem. (a) Whole system (b) Cross-sectional view.

TABLE L. MATERIAL THICKNESS AND THERMAL CONDUCTIVITY
Material Thickness | Thermal Conductivity
(mm) (W/mK)
Glass-ceramic 0.35 5
Copper 0.036 400
Chip 0.5 110
Underfill 0.2 43
C4 0.2 60
TIM 0.2 2
TSV (Tungsten) 0.5 174
TW 10 W 1.66 W | 1.66 W
15W | 65W 1.66W | 1.66W
15W | 65W 1.66 W | 1.66 W
() (®)
TW TW 1.66 W | 1.66 W
4 W 5w 1.66W | 1.66W
3w 4 W 1.66 W [ 1.66 W
(©) ()
Figure 5.  Power map of stacked chips. (a) CPU1 (b) RAMI (c) CPU2 (d)
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Figure 6. The TSV configuration for stacked chips.

The electrical-thermal co-analysis results of voltage drop of
the four chips are shown in Fig. 7. It shows that the voltage
drop of the four chips converges after 4 iterations of the co-
analysis loop. And it demonstrates that the final IR drop of
CPUL is 34.8 mV, while its initial IR drop at room temperature
is 28.3 mV. The temperature effect on the IR drop in CPUI is
23% increase. For RAM1, CPU2 and RAM2, the temperature
effects on the IR drop are 22.7%, 22.9% and 22.2% increase,
respectively. The results show that the temperature effect on IR
drop should be considered to obtain accurate DC drop. Without
considering the temperature effect on the PDN, the IR drop will
be under-estimated.

The electrical-thermal co-analysis results of highest
temperatures (hot spots) of the four chips are shown in Fig. 8. It
shows that temperatures of the chips also converge after 4
iterations of the co-analysis loop. The hot spot temperature
difference between RAMI1 and CPUI is about 7.2 °C while
the temperature difference between RAM?2 and CPU2 is about
3.6 °C . Due to the longer heat conduction path from the
bottom chip to the heat sink, the bottom chip has larger
equivalent thermal resistance and higher temperature than that
of the top chip. Compared to the initial temperature, the final
temperature of Diel, Die2, Die3 and Die 4 increase about
265.2%, 236.2%, 144.2% and 129.8%, respectively by
including the co-analysis loop.

After the convergence of the electrical-thermal co-analysis
loop, final temperature and voltage distributions of the chips
can be shown as Fig. 9 and Fig. 10, respectively. Fig. 9
illustrates that the temperature distribution profile of CPUI1
matches with its power map in Fig. 5 and the hot spot appears
in the block of highest power map in CPU1 (15 W in Fig. 5(a)).
Fig. 10 demonstrates that the IR drop at every TSV location is
increased due to the Joule heating effect on the PDN. Fig. 10
(a) shows that the final voltage distribution of stacked chips
(CPU1 and RAMI1) has minimum and maximum IR drop of
32.8 mV and 34.8 mV, while Fig. 10 (b) shows that in the
initial voltage distribution, it has minimum and maximum IR



drop of 26.7 mV and 28.3 mV, respectively. Compared to the
initial IR drop, the final IR drop increases about 20%.
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Figure 7. Voltage drop analsysis results with electrical-thermal iterations.
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Figure 9. The final temperature distribution of CPUI.




<<
  /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


