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The requirements on the precision of dimensional metrology are especially stringent in the area of semiconductor

manufacturing. This holds in particular for the measurement and control of the linewidths of the smallest structures on

masks and silicon wafers and their corresponding reference metrology. In this paper we will describe the physical models

and the reference instrumentation which were developed for photomask linewidth metrology at the PTB. It will be shown,

how the results of the different methods can be used for comparative analyses. Application of these methods will be

demonstrated exemplarily on the basis of newly developed photomask linewidth standards.
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Linewidth or critical dimension (CD) metrology is crucially

important for production control in semiconductor and mask

manufacturing. Stringent requirements on the stability of proc-

ess control need highly stable CD metrology instrumenta-

tion and measurement processes with sub-nm reproducibility.

These requirements are specified for current as well as fu-

ture technology nodes in the so-called International Tech-

nology Roadmap for Semiconductors, (ITRS) [1]. In many

cases different types of CD metrology instrumentation are in

use in industry today and a meaningful comparison of their

measurement results requires development and application

of appropriate models for the different methods, especially

if structural details are changing due to process variations.

The PTB has developed different types of linewidth metrol-

ogy instrumentation and corresponding physical models for

image signal analysis and interpretation. These methods will

be described here and their application to a photomask

linewidth standard will be shown [2].

The different linewidth metrology methods will shortly

be described with respect to the applied signal modelling

approaches and the different experimental realizations. In our

approaches we assume that the photomask features to be

measured can usually well be approximated by trapezoidal

shapes and by the material parameters for the absorbing or

phase shifting material and additional anti-reflective layers,

see Fig.1. However, this simplified trapezoidal model can

be modified to also take into account more complex feature

geometries.[3, 4].
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Fig.1 (a) UV transmission microscope setup used for CD

metrology;(b) trapezoidal feature geometries modelled

in RCWA (program package Microsim) and (c) FEM based

simulations (program package DiPoG).
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The PTB uses an object scanning method for CD

measurements. The line feature of interest is translated in the

object plane, its image is shifted accordingly in the image

plane relative to a fixed slit aperture and the transmitted light

intensity is detected. By this procedure, the length scale of

the recorded intensity profile is directly traceable to the length

definition. For linewidth analysis of the recorded intensity

line profiles, two different approaches are used: The so-called

rigorous coupled-wave analysis (RCWA) method and a fi-

nite element method [5]. Both approaches offer solutions to

Maxwell equations for the respective measurement

configuration.

All optical models require precise input data for the opti-

cal parameters, namely refractive index n and absorption co-

efficient k, at the respective wavelengths for all relevant ma-

terials of the measurement object (substrate and thin film

stack). If these are known or can be determined with inde-

pendent methods, measurement uncertainties for linewidth

of U
95%

= 20 nm can be achieved. It should also be men-

tioned that on isolated features, a method developed at PTB

called alternating grazing incidence darkfield microscopy

(AGID) allows to measure linearly down to feature sizes of

100 nm[6] .

So-called scatterometry techniques, which analyze the far-

field diffraction patterns of illuminated periodic structures

within areas between 10 μm and 1 mm square are already

widely in use for process control in semiconductor

manufacturing, because of their high sensitivity to process

variations and their comparatively simple hardware

configuration. These non-imaging methods provide valuable

information about the dimensional properties within the illu-

minated area if supported by appropriate signal modelling

approaches. For the modelling of the scatterometric meas-

urements the same rigorous diffraction models are used as

for the microscopic imaging description. At PTB

scatterometry methods and simulation models are investi-

gated and applied in different wavelength regimes from the

visible spectrum down to the EUV range [7-9], see Fig.2 for

the newly developed DUV scatterometer.

Fig.2 Sketch of the new PTB DUV ellipsometric scatterometer (a) and its realization (b).

For traceable calibration of linewidths on masks and wa-

fers by scanning electron beam methods, the PTB primarily

uses the electron optical metrology system (EOMS) [10]. The

analysis of measured SEM line profiles is based on Monte

Carlo simulation method, which model the elastic and in-

elastic scattering events of the primary electrons as well as

the generated backscattered and secondary electrons. These

simulations allow to describe the signal variation close to

feature edges and thus to determine characteristic dimensional

feature parameters. For example, to deduce the linewidth at

the top of a trapezoidal line feature an exponential edge op-

erator was proposed and successfully applied, which offers

measurement uncertainties of U95% = 15 nm for top CD [11],

see Fig.3. An extension to a generalized SEM edge operator

for trapezoidal line features was proposed recently [12], which

allows to determine the top and the bottom CD, too.

Fig.3 Electron optical metrology system of the PTB (a) and principle of the exponential fit edge operator for deter-

mination of top feature linewidth and edge position (b).
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So far AFM or scanning force microscopy is used at PTB

in mask metrology primarily for determination of feature

height and sidewall angle or in general line profile shape

metrology as an additional measurement method, which pro-

vides valuable input data for the signal modelling approaches

of the other (faster) CD methods. For this task different types

of AFM are in use. Fig.4 for example shows a newly devel-

oped system for AFM measurements on larger substrates of

up to 300 mm size. This system uses an air bearing stage and

optical microscope position detection for positioning of the

sample to within 1 μm below the AFM scanner. For the AFM

measurements, the air bearing is switched off to increase the

stability for high resolution AFM metrology.

Fig.4 The PTB AFM for measurements on larger

substrates (a) and a typical measurement scan by this

system on a 5x5 μm polished silicon sample, cut to

reveal atomic lattice steps (b). The step heights of 0.

2 nm are clearly resolved and illustrate the stability of

this large object AFM.

In cooperation with some partners from mask industry in

Germany, the PTB has developed a new photomask linewidth

standard, whose suitability for mask metrology in industry

was shown in a round robin measurement between the part-

ners [2]. Fig.5 shows the basic layout of the 6025 format mask

standard, which shows line and dot features in isolated as

well as dense environments down to 100 nm.
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  Fig.5 Overview of layout, measurement features

and a photo of the 6025 format CD mask standard.

Fig.6 shows the PTB measurement results on a round

robin CD mask standard and the results on line height and

sidewall angle provided by AFM microscopy. On the basis

of AFM data one would expect a difference of 25 nm be-

tween CD in the middle of the feature and CD at its top, the

measured mean difference between SEM and UV transmis-

sion microscopy was 24 nm, thus supporting the models used.

In addition the AGID method [6] was applied to deduce the

top CD values and its results were in very good coincidence

with the SEM results for top CD, see Fig.6.

Fig.6 PTB results for single opaque line structures for

different measurement techniques (a) on the CD

photomask standard with chrome/quartz trapezoidal

features with antireflective coating (b), which was

used in the round robin linewidth comparison [2].

In addition to the measurement on the round robin stand-

ard shown before, some more masks from different produc-

tion processes have been manufactured and characterized

since then. All of these masks showed the same standard lay-

out as illustrated in Fig.5. The advantage of the use of a well

adopted standard layout is the efficient use of measurement

jobs, which have only to be set up once. Recently, the small-

est features on the CD mask standard have been reduced down

to 50 nm nominal linewidth values, because for the currently

used 65 nm production process, so-called assist features like

scatter bars have tobe manufactured and controlled on the

masks, which already are in the sub-100 nm range.

Fig.7 shows some PTB measurement results on such a

mask standard in use for the 65 nm technology node. Also in

this case, one can see a very good agreement between the

expected difference of CD data at the top of the features and

at 50% of their height, as deduced from AFM measurements

and the measured CD data from SEM and UV transmission

microscopy. For the isolated line features the expected dif-

ference amounts to 8 nm, which was also found

experimentally, at least for the CD values down to 500 nm.

The remaining larger differences between SEM and UV re-

sults for smaller structures below 400 nm may be due to the

decreasing line edge roughness properties of the features, a

slightly changing edge angle with CD values or remaining

Fig.7 CD calibration results by SEM (EOMS, top CD)

and UV transmission microscopy (CD at 50% height)

for a CD standard which was developed for production

of 65 nm technology node masks. Results for opaque

line structures (a) and for clear structures (b).

                                                  (d)

                   n
ARC

=2.117+i 0.997 n
Cr

=2.126+i 2.887

                                             (a)

                                              (b)

                                              (a)

                                            (b)



BODERMANN et al. Optoelectron. Lett.  Vol.4  No.2

References

[1]    International Technology Roadmap for Semiconductors, http:

challenges in modelling the response of bright field UV

microscopy for very small features in comparison to the al-

ready quite satisfying dark field microscopy results (AGID,

see Fig.6). The results on dense line features are not shown

here but do support the imaging modelling approaches.

We presented the different metrology methods and simu-

lation approaches applied at PTB for linewidth metrology

tasks. Each method has its specific advantages. It can be stated

that a meaningful combination of the different methods has

to be applied to determine all relevant mask feature param-

eters with the required precision. Our activities in high reso-

lution microscopy methods, both with respect to instrumen-

tation and modelling, will be continued and in particular the

results from the optical non-imaging measurement set-up, the

new DUV scatterometer, will provide valuable additional in-

formation on dense line arrays.

        //public.itrs.net.

[2]   F. Gans et al, Proc. EMLC 21, VDI-VDE GMM report 45

(2005), 109.

[3]    U. Dersch et al, Proc. SPIE, 5752 (2005), 632.

[4]   F. Gans et al, Proc. EMLC 22, VDI-VDE GMM report 49

(2006), 117.

[5]    B. Bodermann, G. Ehret, Proc. SPIE, 5858 (2005),09 .

[6]    B. Bodermann, W. Michaelis, A. Diener, W. Mirandé, Proc. SPIE,

4777, (2002)

[7]    M. Wurm et al, Proc. SPIE, 5858 (2005),13.

[8]    J. Perlich et al, J. Vac. Sci. & Techn. B, 22 (2004), 3059 .

[9]    M.Wurm et al., 23rd Europ. Mask and Lithography conf.   2007, will be

published as SPIE Proceedings

[10]    W. Häßler-Grohne, H. Bosse, Meas. Sci. Technol., 9 (1998),

1120.

[11]     C.G. Frase, W. Häßler-Grohne, Surf. Interface Anal.,37 (2005),

942 .

[12]    C. G. Frase, E. Buhr, K. Dirscherl, Meas. Sci. Technol. 18

(2007), 510.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


