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ABSTRACT

Exposure time and mask-contrast are two of the main parameters affecting the X-ray
lithographic (XRL) process. In a synchrotron based XRL system (SXRL), both parameters
strongly depend on the source spectrum and beam line characteristics.

Calculations have been done in order to optimize a SXRL system (source+beam line), taking
also into account an other important parameter like resolution.

One of the main results is that a "cut-off" mirror, generally used in many beam lines, strongly
increases exposure times not improving significantly contrast and resolution.

1. - INTRODUCTION

In the last years great importance has been given to X-ray lithography (XRL) as a promising
tool to meet the resolution and throughput requiremetits of giant scale integration.

Nevertheless some problems, concerning principally X-ray masks and sources, still must be
solved in order to reach an industrial application of this technique.

Concerning the source, storage rings appear to be very good X-ray sources for XRL and work
is being done to optimize these machines and the related beam lines to meet the requirements of
XRL.



An ideal synchrotron based XRL system (SXRL) must give the maximum throughput at the
minimum cost, and the best resolution and aspect ratio achievable; all these quantities depend on the
whole source-beam line-mask-resist system.

In this paper we report the results of calculations performed to obtain an "optimal" SXRL
system, focusing our attention mainly on the source and beam line optics.

2. - STORAGE RING AND BEAM LINE PARAMETERS

Table I reports the energies of the machines considered in the calculations and the critical
energies obtained with a 1.6 T magnetic field. Conventional magnets machines have been
considered since at the moment their realization can be based on the existing technology, while
problems related to superconducting sources seem to be not completely solved!.

TABLE I - Energy and synchrotron radiation spectrum critical energy of the storage rings considered in

the calculations.
Machine number Energy (GeV) Critical Energy (keV)
1 0.84 0.75
2 0.97 1.00
3 1.10 1.25
4 1.19 1.50
5 1.37 2.00
6 1.50 2.40

The highest energy machines (E>1.2 GeV) have been introduced only for sake of
completeness: their cost is probably too high and the radioprotection problems are too severe to be
considered for an industrial application.

As a comparison, some calculations have been also done for COSY, the lithography dedicated
machine which is being completed in Berlin®

Figure 1 shows the elements of a typical SXRL system; the optical elements of the beam line,
considered here, are the mirror and the window (sometimes additional filters are used).
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FIG. 1 - Schematic layout of a typical SXRL sytem.



The mirror is usually utilized as high energy cut-off filter and, when necessary, to scan the
beam in the vertical direction; the window separates the ultra high vacuum of the machine from the
atmospheric pressure and acts as a low energy cut-off filter (high and low energy radiations are
cut-off mainly since they degrade resolution).

The power incident on the resist - output power of the SXRL system - is given by:

Emax
P,= f P(E)R(E)T (E)T (E)dE 1)

min

where P(E) is the spectral power of the machine, R(E) is the mirror reflectivity, T, (E) and T (E) are
respectively the window and the mask substrate transmission. Figure 2 shows the action of these
functions in a particular case.
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FIG. 2 - Effects of the beam line optical elements on the spectral flux of the 1.1 GeV storage ring: 1)
machine spectral flux; 2) 1+12.5 pm Be window; 3) 2 + gold coated mirror, 1.5° grazing angle,
s-polarization, 10 A rms roughness; 4) 3 + 2 um Si mask substrate.
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The values of P;, have been evaluated for three different beam line configurations (Fig. 3):

1) 25 pm Be (window) + 2 um Si (mask substrate);

2) 12.5 um Be + 2 pm Si;

3) 12.5 um Be + 2 pm Si + gold coated mirror (1.5° grazing angle; s-polarization; 10 A (rms)
roughness).

Due to its low absorption, low radiation damage and good mechanical properties, Be seems to
be the most suitable window material. The possible thickness values are limited by the window
dimensions ( of the order of some cm?) necessary to accept several milliradians in the horizontal
plane.

Gold coated mitrors are commonly used in X-ray optics; they have good optical properties and
are commercially available. The 1.5° grazing angle has been chosen to have a cut-off energy of
the order of 3 keV, which is the highest energy value generally used in XRL3. The mirror
reflectivity has been calculated by using the scattering factors reported by Henke et al4,
extrapolating the real part of the scattering factor in all the energy range considered by means of the
Kramers-Kronig integral.

Since recent mask technologv seems to be oriented towards silicon substrates, for their
mechanical properties in supporting metallic patterns>, the mask used in our calculations is a 2 tm
Si substrate with 0.5 um Au patterns.

The values of E_, and E_, used in evaluating P, are 0.65 keV and 6.0 keV respectively; this
gives P, with a quite good approximation since, in all the cases considered, the transmission of the
Be window is negligible below 0.65 keV, and above 6.0 keV the residual fraction of power
generated by the machines is of the order of few percent for the 0.84 GeV, 0.97 GeV and 1.1 GeV
machines, less than 10% for the 1.19 GeV and 1.37 GeV machines and less than 20% for the 1.5
GeV one.

From Fig. 3 it appears that the mirror strongly affects the incident power giving, in the best
case (lowest critical energy), a 50% reduction.

3. - EXPOSURE TIME AND CONTRAST

The exposure time T,

exp (defined here as the time, per mA of circulating current, necessary to

expose 1 cm of resist in the vertical direction), is one of the main parameters of the XRL process,
since it directly affects the throughput.

To calculate Texp from the incident power, it is necessary to fix the distance source-wafer (D)
and to know the absorption coefficient of the resist as a function of the energy ( 11, (E)), its thickness
(t) and sensitivity (S) in J/em?® (also knowing only the sensitivity in mJ/cm? it is possible to estimate
the exposure time).

In our calculations the values t=1 pm and D=10 m have been assumed, and two kind of
positive resists, poly-methyl-methacrylate (PMMA) and a Thomson resist® have been considered.



PMMA is a well known resist with 4 very good resolution (<0.1 pm) and low sensitivity (S=
1000 J/cm3); the Thomson resist is an high sensitivity resist (280 mJ/cm?) with an average
resolution (<0.4 pm).

Table Il reports the esposure times for both resist as a function of the critical energy and beam
line parameters.

TABLE II - Exposure times [1000 x (ssmA/cm(vertical))] for two different resists (P = PMMA, T =
Thomson) and various beam line configurations: A = 12.5 um Be; B = 25.0 um Be; C = A + mirror; D =B +
mirror. The absorption of 2 jum of Si has been included.

Machine number P T

A B C D A B C

1 1.49 2.63 2.63 4.17 0.38 0.52 0.91

2 —— 1.47 —— 2.44 0.18 0.23 -
3 0.59 1.00 1.14 1.66 0.10 0.12 0.36

4 ——— 0.76 ——— 1.32 0.07 0.08 ———-

5 -—-- 0.52 -— 0.97 0.04 0.05 -—-

6 0.28 0.43 0.60 0.81 0.03 0.03 ——
COSY 1.43 2.50 2.70 5.00 0.28 0.36 0.91

It can be useful to give a practical meaning to this parameter estimating the throughput
(wafer/hour).

The throughput depends on the exposure time per wafer (which is a function of the circulating
current and of the wafer and mask size) and on the "stepper working time" (necessary for loading,
unloading and alignement operations) which depends on the kind of stepper utilized; using a fixed
beam configuration, the stepper is generally used to make a vertical scan, necessary to expose the
whole mask field.

Table III shows the throughput per beam line of three different machines, with various beam
line configurations, for the two resists considered. The throughput has been evaluated for two
different working times : 60" (commercially available X-ray stepper) and 20" (very "aggressive"
stepper)’ and assuming a 200 mm wafer diameter and a 50 mm mask diameter.

TABLE III. Comparison of the extimated throughput ( wafer/hour ) of three different machines, considering
two different resists (P = PMMA, T = Thomson), two different stepper working times (T =60", T = 20")
and three different beam line configurations ( A = 12.5 um Be, B = 25.0 um Be, C = A + mirror).

Machine Current P T
(mA) A B C A B C
T, T, T, T2 T1 T, T, T2 T, T, T T,
1 300 12 13 7 8 7 8 29 43 25 34 7 21
3 110 12 14 8 8 7 8 34 54 30 45 17 21
COSY 300 11 12 7 8 6 7 34 55 31 48 16 20




It appears that the mirror strongly increases the exposure times decreasing the throughput: its
presence can be justified only if it gives an appreciable contrast enhancement.

To verify this, the average mask contrast (Fig. 4), with and without mirror, has been
calculated by using the expression:

En Em
<C>= f P(E)T (E)R(E)e(E)C(E)dE / f P(E)T (E)R(E)e(E)dE )
. Epi

Emin
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It is very interesting to observe in Fig. 4 the lack of great difference between the two curves
and to note that also in the worst case, without the mirror, <C> is bigger than 10, which is the value

that gives a quite good aspect ratio (ratio of the height and width of the structures) also for small
amount of absorbed dose.

4. - RESOLUTION

An SXRL process must be able to reproduce mask features having linewidths of the order of

0.2-0.3 pm (and anyhow lower than 0.5 pm, which is claimed to be the ultimate resolution limit
of the UV lithography).

The linewidth depends on several factors:
a) resist/developer resolution;
b) diffraction blurring;
¢) penumbral blurring;
d) photoelectron range.
In our case, being the penumbral and diffraction contributions negligible and assuming an high
resolution resist, the photoelectron range is the only factor to be considered.



Detailed calculations? demonstrated that using a broad band synchrotron spectrum up to about
4 keV, the dose released by 800 A range photoelectrons is negligible; this means that only in the
case of high energy machines without a cut-off mirror this problem has to be considered.

In our case, except for the machines of higher energy (E>1.2 GeV), the fraction of the power
above 4 keV is small, thus, also without a mirror, we can assume that the contribution of the
photoelectrons to the structures blurring is not bigger than 0.1 pm. For the machines with energy
higher than 1.2 GeV a mirror is necessary to obtain good resolution.

5. - CONCLUSIONS

One of the main results of this paper is that generally a mirror is not useful in a SXRL system:
it increases strongly the exposure time not improving significantly the contrast. Its application can
be justified only in the case of high energy machines (E>1.2 GeV) to reduce the structures blurring
due to the photoelectrdns; in the other cases the absence of this optical element does not affect the
linewidth achievable down to 0.1 ptm.

To have a reasonable throughput, a beam line equipped only with a 12.5 im Be window - and
with a stepper for the vertical scan of the mask - seems to be the best choice.

With this beam line configuration, the 0.84 GeV conventional magnets machine, with 300 mA
of circulating current, gives almost the same throughput per beam line as COSY. A similar
throughput with less current (110 mA) is given by the 1.1 GeV machine.

Up to twenty beam lines can be easly connected to both these conventional magnets machines,
giving, by using very sensitive resists and very aggressive steppers, a total throughput of about
1000 wafer/hour.

REFERENCES

1) G. P. Williams, Synchrotron Radiation News, 1, 21, 1988.

2) H. Betz, Nucl. Instrum. Meth., A246, 658, 1986.

3) J. Warlaumont, Nucl. Instrum. Meth., A246, 687, 1986.

4) B. L. Henke, P. Lee, T. J. Tanaka, R. L. Shimabukuro and B. K. Fujikawa, Atomic Data and
Nuclear Data Tables, 27, 1, 1982. :

5) G. Pongratz, Private Comm. )

6) R. Readaelli, G. M. Wells, F. Cerrina, S. Crapella and G. Vento, Evaluation of X-ray resists
for submicron lithography, Private Comm.

7) A. D. Wilson, Proc. SPIE, 537, 85, 1985.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <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 [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


