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ack in 1965 Gordon E. Moore observed in his article [1] that “the

complexity for minimum component costs has increased at a rate

of roughly a factor of two per year (...).” In 1975 Moore refined

his component count estimation to a doubling every two years,
thus a reduced exponential growth compared to his initial estimation. He
argued that between 1965 and 1975 the additional factor cleverness, which is
for example the reduction of the number of components needed for storing a
single bit, had lead to a faster growth in that period, which was now exhausted.
This (adjusted) prediction known as Moore’s Law has become a business-dictum
for the whole semiconductor industry.

The higher component density has lead to a decrease in end-consumer
prices. However, the costs for producers follow a converse trend: R&D,
manufacture, and tests become more and more expensive with each new
generation. This observation is coined Moore’s Second Law: facility costs also
follow an exponential growth. Despite this exponential growth of facility costs,
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the cost per shipped unit decreases at
an exponential rate. Moore himself
already observed in 1995 that the
semiconductor industry cannot contin-
ue its fast exponential growth indefi-
nitely, since it would exceed the gross
world product (GWP) at some time [2].

I. GROWTH LIMITED BY
ECONOMY?

Moore’s Law states that the number of
transistors per chip doubles every year,
which is mathematically expressed as

n(t) = nyoo9 exp(art), (1)

where n(t) is the number of transistors
per chip, t is the time measured in
years from the beginning of 2009 (to
ease the formulation of initial condi-
tions), ny0g9 = 10° is the number of
transistors per chip in the beginning of
2009 and o =In(2)/2 = 0.34 is the
growth parameter in accordance with
Moore’s Law.

On the other hand the exponential
increase in fabrication facility costs
c(t) over time can according to
Moore’s Second Law be written as

C(t) = 2009 exp(ﬁt) (2)

The growth parameter (3 is deter-
mined from fabrication facility (fab)
costs in the past decades and indi-
cates a growth of a factor 100 within
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30 years, thus $=In(100)/30=0.13,
which corresponds to an average
growth of fab costs of 14% p.a. [3].
The constant cygp9 is equal to today’s
fab costs of approximately five billion
dollars.

A natural barrier for fab costs is in
principle given by the total revenue of
the semiconductor industry. Since
this revenue has experienced a tre-
mendous growth in the past century
itself, we better formulate a bound for
fabrication costs in terms of a fixed
share ¢ of the GWP g(t):

o(t) =min{eg(t), ca000 exp(Bt) }, (3)

where ¢ = 0.02% appears to be plau-
sible considering that the semicon-
ductor business revenue has been
about 0.5% of the GWP over the
past ten years, several fabs are built
each year and £ = 0.02% corresponds
to four percent of the total semicon-
ductor industries’ revenue per fab.
Gordon Moore himself wrote [2] “I do
not know how much of the GWP we
can be, but much over one percent
would certainly surprise me.”

The GWP g(t) also grows expo-
nentially, but slower than the semi-
conductor business in the past:

g(t) = gao09 exp(pt) 4)

We assume an average GWP growth of
p = 3% p.a., which is estimated from
growth rates over the past decades [5].

Fab costs are essentially deter-
mined by two factors: process com-
plexity and capacity. The former is a
direct measure for R&D output, while
the latter increases with each technol-
ogy generation in order to achieve
competitive costs per wafer (economy
of scale) as has already been addressed
in Moore’s article [1]. While fab costs
were more or less free to grow in the
past, limited by the currently available
technology only, economic limits soon-
er or later come into play. Consequent-
ly, the growth parameter 3 in (2) has to
drop by a factor of four from 0.13 to

0.03 in order to match the GWP growth
rate p in (4). However, a reduction of
the growth rate of fab costs by a factor
p/ [ also results in a reduction of the
growth of money (directly or indirect-
ly) spent on R&D, thus a reduction of
the growth of transistor counts with
time, dn/dt, is to be expected. A
mathematical formulation including
such economic limitations is

dn/dt = min{Cpmoore exp(at),

Cowe exp(a(p/B)t)},  (5)

where Cpoore and Cowp are appropriate
constants. If the first term is the
limiting factor, then the number of
components grows according to
Moore’s Law in (1). If economics deter-
mine the growth by means of the sec-
ond term in (5), the factor p//3 shows
the economic limit with an asymptotic
growth parameter of a(p/f)=~a/4
depicted in Fig. 1: This results in a
reduced asymptotic growth of compo-
nent counts per chip by a factor of two
every eight years only. The GWP share
parameter ¢ does not influence the
reduced growth rate due to economy, it
only influences the time at which we
run into economic limitations.

The prediction of the time at
which we run into economic limita-
tions is very sensitive with respect to
the GWP share parameter €: Choosing
€ =0.03%, a growth reduction is

predicted around 2025, whereas the
choice € = 0.01% shows first signs of
reduced growth already in 2015.
Thus, with joint funding of large fabs
an economic growth capping can be
shifted many years into the future so
that we eventually face limitations
imposed by physics first.

II. FROM FREE MARKET
TO OLIGOPOLY?

Considering the market structure of
the semiconductor business, integrat-
ed device manufacturers (IDMs), who
both design and manufacture, will
only be able to afford fab costs up to
an individual e;ppg(t), simply because
they have to cover both fab expenses
and investments into R&D. In con-
trast, foundry companies can fully
focus on device manufacture, poten-
tially being able to afford €foundaryg(t)
with Efoundry > €pm. As soon as fab
costs exceed pumg(t), the business is
thus subjected to a restructuring
process: IDMs are unable to afford
the fabrication of the latest generation
of devices any longer. The only way to
stay competitive for IDMs in mass
markets is to become a fabless com-
pany then, fully focus on chip design,
and rely on foundry companies for
fabrication. Such a transition can
already be observed today and is to a
certain degree self-energizing: With
each IDM becoming a fabless compa-
ny, another foundry company grows

GWP limited Growth of Transistor Counts per Chip

10000 T T T T
Actual Growth?
Moore’s Law -

o GWP-limited - - == -

2

o 1000 | E
9]

o

2

]

© 100 -
192}

c

o

-

[ =

2 10 4
=

1 | 1 1 1
2005 2010 2015 2020 2025 2030
Year

Fig. 1. Possible future transistor counts per chip due to economic limitations.

352 PROCEEDINGS OF THE IEEE | Vol. 98, No. 3, March 2010



and pushes its individual GWP share
parameter Eoundry to a larger value.
However, the number of semicon-
ductor foundries can only be small, if
the fab costs keep increasing at a rate
higher than the GWP: The large,
cost-effective fabs provide best and
most transistors per dollar, pushing
smaller competitors out of the mar-
ket. Thus, the free market of (leading
edge) chip manufacturing may turn
into an oligopoly. The consequences
of such an oligopoly can be manifold:
Research and development could be
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deaths of Moore’s Law, all of them
dealing with several technological
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[5] J.R. Powell, “The quantum limit to Moore’s
law,” Proc. IEEE, vol. 96, no. 8,
pp- 1247-1248, Aug. 2008.

Vol. 98, No. 3, March 2010 | PROCEEDINGS OF THE IEEE 353




<<
  /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


