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ABSTRACT

We report on the results of a recent round robimprison on new linewidth or CD photomask standamds
which several partners from different companies iastitutes in Germany were involved. The round moéc-
tivity is at the end of a joint project targetingtlae development of a new CD mask standard awdstintended
to show the performance of the CD mask standarda@mekst its application in cross-calibration preses. Dif-
ferent type of CD metrology instrumentation wasdjsemely optical transmission microscopy includiveter
immersion CD microscopes with NA of 1.2 and scagrétectron microscopy, supported by additional szan
probe microscopy (SPM/AFM) characterizations. Adfedifferently processed CD mask standards withalsm
est line and space structures down to 0.1 um asddban different mask blanks was produced withtideh
layout. At the PTB this set of CD standards washealed by UV transmission microscopy and by CD-SEM a
well. For the round robin an unknown CD mask of shene design as the standards was used and tre- part
pants were asked to provide measurement data méth €D metrology tools, referred to their respezstPTB
calibration standards. It will be shown, that tiggement of measurement data between different €fotogy
tools can be significantly improved if proper défions of the measurand and a metrologically soajmproach

to signal modelling and interpretation of CD measuent values is applied. The outcome of this corapari
provides a valuable source of information for croalbration issues which are discussed in maskstrg today
and, moreover, it proves the performance of thelyneeveloped CD mask standard, which now is avkelab
other interested parties, too.
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1. INTRODUCTION

This contribution reports on the final results giraject about the definition, development, calitratand appli-
cation of a new CD photomask standard initiatedheyPTB together with several industrial partneosnfiGer-
many. Photomasks are and will also be in the (rfatuje the essential elements in the lithograptemufactur-
ing process of electronic components. Chrome o0ssgl@0G) or binary masks consist of a quadratictsate
of quartz glass with the physical dimensions 152 xnh®2 mm x 6.35 mm and an antireflective chromlayer
of usually less than 100 nm thickness. The chromliayer is typically structured by high resolutiolearon
beam lithography and represents the structureshwiawe to be transferred to the wafer. Althoughcslfy the
dimensions of the structures on the masks are dgifired by the lithographic projection lens systbyna factor
of 1:4, masks currently produced contain structasesmall as the sub-100nm functional structurethenvafer.
These so-called OPC structures (optical proximityremion) are used on the masks to enhance théyqoél
lithographic reproduction. In addition to OPC teicfugs, phase shifting masks (PSM) nowadays arelyvicsed
to achieve the required resolution and processhii#tgan lithographic production.



In order to reliably produce masks with smallesictures down to 100 nm or even smaller, corresipon@D
calibration standards, verified calibration methadd a prove of applicability of these methods staddards in
industrial quality control processes are necessarg.project described here for development anregion of
new CD standards tried to address these requiremenparticular, a comparison of different CD magasent
methods like UV transmission microscopy, low voli&8EM and AFM requires a detailed analysis of thesph
cal interaction processes leading to the formabiboharacteristic contrasts and signal profileg #ra used for
CD evaluation. In prior measurements [1], optic&asurement results were used as a reference faffdet
correction of all other measurement methods. Naw.efrery measurement method independent and tiaceab
measurement results with measurement uncertaititpain were specified. Moreover, new and extendéd
measurands like top linewidth are introduced.

2.LAYOUT OF MASK STANDARDS

On the 6025 mask, a 3x3 grid of 9 identical diethwi0 mm die size was chosen. For alignment pugpose
NIKON fiducials were used, and an additional regplattern of auxiliary alignment crosses was placear the
mask edges, see Fig. 1. During prototype developae® dies served for variation of process paianseto
obtain information for optimized structure quali®n final masks, only structures within the centtial will be
calibrated. The other dies can be used to transéasorement results for everyday calibration purposdhey
can be calibrated later if e.g. the central dielbs=n damaged. Within the 40 mm die there arefdrdiit areas
(see Fig. 2): two quarters show the CD test straestin horizontal and in vertical orientation, viittihe third
quarter are different pitch structures and add#iobD-grating structures for scatterometry analysisl the
fourth quarter contains a larger transparent field100 % transmission reference calibration alwidp addi-
tional line and space structures in non-orthogamn&ntation. The pitch structures each consistéfirkes and
spaces (1:1) with the following nominal pitch vau&0 um, 4 um, 2 um, 1 um, and 0.4 um. Within edche
two quadrants containing the CD test structuresrettare two blocks of structures, one for smalld3s up to
5 um and one for larger CDs up to 500 um. The Cpsstee as follows:

55 fine-CD test structure groups: 18 coarse-CD test structure groups:
CD from 100 nm to 5 um with 200 um pitch CD from 5 pm to 500 pm with 1 mm pitch
. 100 ... 500 nm, step 20 nm =21 groups 6.. 10pum, step 1um = 5 groups
e 540...900 nm, step 40 nm =10groups 20...50 um, step 10 um = 4 groups
. 1000 ... 1600 nm, step100 nm = 7groups 100 ...500 pm, step 50 ym = 9 groups
. 1800 ... 5000 nm, step 200 nm =17 groups
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Fig. 1 Overview of mask layout. Fig. 2 Die layout of new mask standard.

The basic layout of the smaller CD test structumrigs is shown in Fig. 3 exemplarily by means ofrtbhminal
3 um structure group. It consists of a main limecttire in isolated as well as differently denseiremments
(1:1...1:5) and a square pattern, again isolatededisas grouped. Each of the 12 structure elemems ais area
of 50 um x 50 um. The structures are identifieddiel fields (A-L) and alignment L-bars at the Iéftaddition
to this and also for assistance during measurerttentneasurement window size of 5 um height isceteid by
two auxiliary lines next to the measurement sestion



3000 3000 The opaque line structures are conductively linkeedhe chro-
mium coverage on the mask to reduce residual amgrgifects

during e-beam measurement. For this, additionali@és are
arranged perpendicular to realize electrical canththe opaque
r| e = F ez o= measurement line structures with the surroundimgrafum film,
see Fig. 3. The design of the CD standard is tubrzally struc-
LT I tured, which allows to easily remove parts of tlesign before
) L writing the mask if certain subsets of test streetuare not re-
B T S quired for the specific application in question.
||
r : " | | : 3. CD INSTRUMENTATION AND SIGNAL
N - . s MODELLING APPROACHES
r : r : For the round robin measurements on the COG CD stk
) ) dard different type of instrumentation was usedtly project
o ) " ) partners. DUV/UV optical transmission microscopyd a@D-
B . - .- SEM, supported by additional AFM measurements wppdied.
The PTB provided calibrated CD photomask standards thie
= \IIJ € ~ I I g design described above, which were used by thedroalnin par-

ticipants as CD references for their measurementshe un-
known round robin mask. All participants were ashedapply
their usual calibration procedures to transferdsailts from their
CD reference masks to the round robin mask anéh&dlyf pro-
vide the measurement values.

Two UV (Leica LWM250 UV, MueTec 2010 NT) and two DUVatrsmission microscopy CD tools (Leica
LWM270 DUV, MueTec <M5k>) and two CD-SEM tools (HOLCEMU 220A) were used by the participants.
In addition to this, first - however not yet cahled - measurements by means of a new water inonelgiV
tool with NA of 1.2 were performed (LWM 500 WI) [2The measurements were supported by charactenzati
of CD and edge profile and slope by AFM (Park SiffienAutoprobe M5). Furthermore, along with thehet
instrumentation an AIMS 193 fab tool was used tdgren additional measurements on a 193nm attenuated
phase shifting mask with identical layout as the@C@ask standards.

The instrumentation used at the PTB for the calibnatasks as well as the developed signal modelijng
proaches to correlate the measured signal witkedge topography of the absorber structures wiliideeribed
below. The overall objective of the PTB activitiesthe area of CD photomask metrology is to prowid® or
feature width [3] measurement values which arerlleend consistently defined by referring to thpdgraphy
of the functional structures on the mask and wiich traceable to the Sl unit of length. Howeverdeson-
strated by inclusion of the AIMS tool in our actigs, we also realize that for precise CD contfahe printed
structures on the wafer a purely dimensional apgrdar photomask qualification might not be suffici, espe-
cially in the case of PSM.

Fig. 3 Layout of CD test structure group;
black: quartz, white: chromium (top: clear
structures, down: opaque structures).

3.1 UV transmission microscopy at PTB

Operation principle

For the optical characterization of the CD photdistsindards a special UV transmission microscofibraa
tion system is used [4]. The system is based omdifiad commercial microscope (Zeiss Axiotron), ipped
with a computer controlled precision sample stagbedouble-parallel spring type. The movementefpiezo
driven stage is measured both by a high resolwdapacitive sensor and an interferometer with aluésa of
0.1 nm and 2 nm, respectively and an uncertaintg ofm. The sample is imaged using Koehler illumorati
(NAc= 0.2) at a wavelength of 365 nm. A slit apertdr@ im x 1 mm) placed in the image plane is imagém i
the object plane by the microscope objective (nfagtion 150x, NA, = 0.9). The movement scans the sample
over the image of the stationary slit in the micayge light path. The light passing the slit is d&d by a pho-
tomultiplier and registered together with the sigafahe capacitive sensor and the interferométhe edge po-
sition is deduced from the measured signal profimg a threshold criterion based on a suitablesighl/imag-
ing model.



Physical modelling

To deduce the edge position from the microscope éngagophisticated imaging model has to be appladsh
takes into account the vector characteristics ef @ékectromagnetic field. We use the rigorous caliplave
analysis (RCWA) method [5-7] for image modellingurEhis purpose we use the program package MICROSIM
developed at the University of Stuttgart, GermaBly $imulations based on the RCWA method are useatbt
termine the correct threshold in dependence opénameters of the imaging system and of the sample.

CD uncertainty evaluation

The dependence of the correct threshold criteriotherset of the parameters both of the imagingesysind the
sample will influence the measurement uncertaiAgcording to [9], all input parameters which sigeéitly
influence the final measurement value have to layaad to set up a complete uncertainty analysisrefbre
we conducted systematic theoretical investigatiointhe influences of these parameters on the tbtdskee
details given in [10]. For our UV microscope, aigton of the threshold of 1 % corresponds to aatimn of
the deduced linewidth of about 4 nm. Our unceryaamtalysis results in achievable calibration urainties of
about 25 nm (k = 2, 95% confidence interval). Tmgertainty was evaluated for a CD, defined as éatufe
width at 50 % height of the structure, taking iatcount the actually measured edge slope. Theslkaupeer-
tainty contributions are due to the instrumentlfitgbe imperfect knowledge of mask material parsr®(espe-
cially the absorption coefficient of the absorbaydr) and the uncertainty of the applied RCWA matllf.
This last issue is currently addressed by a runsdfityvare model comparison for high resolution mscapy on
the basis of suitable test suites [11]. Anotherentaénty evaluation for CD optical microscopy ise in [12].

It is of special interest to investigate two pargeninfluences in more detail, which are both dueroperties of
the COG mask absorption layer itself, namely thektiess of the layer and the edge angle. Theseneaeas
also have varied between the different CD referenagks the PTB has calibrated for the participahthe
round robin. Figure 4 shows the dependence oftttestiold criterion on the thickness of the chromiager.
For typical Cr layer thickness of the mask stanglateleloped within this project of 70—-80 nm, weaabt co-
efficient of about 0.17 %/nm. The thickness of theomium layer can be measured using an AFM withuran
certainty of about 2 nm. Thus the uncertainty oétahickness will result in a linewidth error ofat 0.8 nm.

We also modeled the influence of a finite edge
601 slope on the correct threshold criterion. For this
purpose we simulated the optical image for line
structures with a trapezoidal cross section with
different edge slopes (see figure 5, left). The
nominal medium linewidth of the line structure
taken at a height of 50 % was 1 pm. The edge an-
gle a was varied from 30° to 90°. The variation of
\ the threshold in dependence afis depicted in
Figure 5 (right). For high quality edges with edge
, , slopes of > 70° we derive a remaining linewidth

0 20 40 60 8 100 120 140 error of < 9.6 nm (k=2) due to the finite edge slop

Cr thickness / nm ; ; i
Fig. 4 The influence of the thickness of the chrome Iay%-rhe influence of this parameter could be signifi

antly reduced by a determination of the average
on the threshold, calculated for homogeneous chrome slope of the structure edges e.g. using an AFM.
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Fig. 5 Variation of the edge angle, the nominal
linewidth of 1 um was fixed at a height of 50 %
(above). Variation of the threshold in dependence 8 40 50 60 0 80 90
of a (right). al°




3.2 Low voltage scanning electron microscopy at PTB

Operation principle

In scanning electron microscopy, a focused eledbesm with a diameter of a few nanometers is schomer

the specimen surface while the signal of the seagnéelectrons (SE) emitting from the specimen srfia re-
corded by a scintillation detector (i.e. beam-soagthod in contrast to object-scan method describetthe
above paragraph). Thus, the instrument registeliatansity profile that indicates the local SE yiealsl a func-
tion of the scan position. The local SE yield iseaféd both by the local surface topography and hteral
properties. Therefore, proper physical modellingnésessary to set the yield in correlation with sbecimen
properties and to derive correct CD values.

The SEM used at PTB for CD calibration of photomaskddsigned for low voltage operation, i.e. the beam
electrons have an energy of typically 1 keV. Lowtagé SEM has the advantages of being a very surface-
sensitive method due to the low penetration deptblectrons and the resulting high yield of secondsec-
trons. Thus it provides a good signal to noiseoratilow probe currents below 10 pA and particylérteduces
specimen charging significantly. The instrument dgsiipped with an on-axis scintillation detector tishbws
neither anisotroptic yield nor shadowing, so imagelysis is independent of azimuthal specimen tafem.
The SEM measuring system (calleb&ron _(ptical Measuring $stem, EOMS) is described in detail in [13].
The calibration of scan position as well as the at&te (and correction) of scan field distortionsdisne by
means of the instrument’s laser interferometerrotietl specimen stage.

Physical modelling

Due to the complex process of image formation, SEdges have to be interpreted carefully. Therefode-a
tailed physical model of image formation was depebb which is based on Monte Carlo simulations.hie t
simulation, the diffusion of beam electrons witttie specimen as well as excitation and emissigeobndary
electrons is modeled. The intensity of the caleadatecondary electron signal is recorded as aifumof scan
position and is used for a direct comparison wittasured signal profiles or for the generation otlsgtic SEM
images (for testing of CD evaluation algorithms)mie Carlo simulations of signal formation werefgened
with the program package MOCASIM [14]. The simulatioffers a free configuration of specimen geometry
and detector strategy. The specimen geometry iecsia a matrix with a cell size of typically 0.5 bnm. The
specimen can be composed of up to four materials svifree elemental composition. In the model, spec
topography is defined by structure height, topMiitkth (as the distance of left and right top corpesition), top
corner rounding radius, and edge slope angle (Figte top edge position is defined as the inteisegoint of
the tangent terminating the upper plateau withetthge slope tangent. Therefore, the corner roundiess not
affect the position of the top edge.
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Fig. 6 Definition of top edge position in the modelFig. 7 Monte Carlo calculated signal profile for an
Tangent 1 terminates the upper plateau of the siict opaque 600 nm chromium line on quartz, edge slope
tangent 2 is the edge slope tangenthe slope angle, 80°, no top corner rounding, e-beam diameter 10 m
andR the top corner radius. The point of intersectibn &WHM, electron energy 1 keV (Note: the characteris-
the two tangents defines the top edge position. tic local minimum at the bottom usually is not dagte
able with EOMS system).

Formation of edge peaks and top CD definition

The most prominent feature of SEM intensity profaé€D structures is a distinctive signal peak atdtnucture
edges. Fig. 7 shows the topography of a chrominmdin quartz substrate and the associated sigofidepn a
Monte Carlo simulation. The peak's inner, exporamising flanks are the result of electron diffusithrough



the edge, the peak’s decay length is determinedntten electron free path and the peak maximumaishesl
directly at the end of the upper plateau. It hamnbghown that the exponential behavior of the gugk flanks
is a result solely of the basic mechanism of etectiiffusion in solid state and is therefore laygedependent
of specimen features as material composition, etlyge, etc. In consequence, a robust and well el¢fadge
criterion can be derived from the diffusion peak.

An exponential function is approximated to the mmexponential growing flank of the edge peaks (Big The
fit range is restricted to values below a threstwdl80 %-75 % of the peak maximum. Thus, deviatipos the
exponential behavior near the peak maximum dubddSEM's finite resolution are excluded from fittinthe
approximated function is then extrapolated to aealf 100 % peak maximum and this position is aefias top
edge position. The distance of left and right togeedosition is defined as top CD. Top CD linewidtbasure-
ments based on the exponential fit CD operatomdireshowed good conformity with AFM measurements at
silicon structures [15].

‘ | choome ! quarLz Fig. 8 Experimental determination of top CD.
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Top CD uncertainty evaluation

In addition to the uncertainty analysis for theeca$ the UV microscope, the SEM measurement unogytai
budget of top CD was derived in a similar way. Detaf this analysis were already described befb€3. The
largest uncertainty contributions are due to thetrinment reproducibility and the influence of liwélth varia-
tion over the 5 um line sections measured on diffemasks. Measurement uncertainties of arounchmisr
even better on very good line structures can beaet for top CD.

For typical edge slopes of 60° - 80°, top CD measnt results are only little affected by the prdizmeter.
Only very steep edges (slope angle > 85 °) showoager effect. For such edges, the projectionhefédge
transition is smaller than the probe diameter alass of peak maximum intensity results due toltg&m limi-
tation. In consequence, the fitting range is stlitiad the top CD value shifts about 10 nm for d&erdiameter
of 10 nm. Thus for the case of steep edges, a ¢mmeaf the exponential top CD edge operator isiiegl and
was already published [16]. The trends in CD vamatiue to variation of model parameters whichmesented
here are confirmed by other Monte Carlo investagstifor silicon structures and bottom CD evaluafiof].

4. RESULTS OF ROUND ROBIN MEASUREMENTS
4.1 Description of differences between reference CD photomask standards

Different mask blanks and different mask productioocesses were used by some of the project partmero-
duce a set of five CD reference standards forrajlegt partners. However all standards had theticiriayout,
which was developed jointly before. The PTB calibdaline and space structures on these photomasttasts
by means of UV transmission microscopy (CD defiasdvidth of structure at 50% height) and SEM (top.CD
Additionally edge slope angles were measured by AgMome line structures on these masks. The partner
were provided with calibration reports on the measwent results of their reference standards and asted to
calibrate the unknown CD mask by referring to tmeference masks. Table 1 shows the characteratitsise
of the CD reference masks and the round robin mBs&.uncertainties for layer thickness are abonitn2and
about 5° for edge slope.

In view of the parameter dependencies of opti@igmission microscopy shown in figures 4 and ®utid be
expected, that systematic calibration differencesild occur if the structures on a reference masuldvhave
other dimensional parameters (height, slope) thathe round robin mask. Table 2 provides an ovendéw
these theoretical corrections of systematic diffees.



CD Masks Ref. mask #[L Ref. mask #2 Ref. mask #3 . Ra$k #4| Ref. mask #5 Round
Robin
Blank manuf. 1 2 1 1 1 1
Mask manuf. 1 2 3 1 1 1
AR Cr layer 73 100 70 73 73 73
thickness / nm
Edge slope / ° 73 74 90 73 74 71
Use of partner A B, C D E F all

Table 1. Characteristics and use of the CD reference masttgthe round robin mask. Also given are the theo-
retically expected CD corrections for opaque sirigles which have to be taken into account foragitirans-
mission microscopy if reference structures andctiines on the round robin mask show different toaply.

Partner A B C D E F
CD metrology tool SEM uv DUV uv AFM@ DUV
50 % height)| DUV-WI
CD correc- Top CD + 25 - - - -
tion due to: | Layer thickness - + 22 + 22 -2 - 0
/nm Edge slope - -2 -2 -6 - -2

Table 2: The theoretically expected CD corrections for agingle lines are given, which have to be applied
for optical transmission microscopy if referenaeistures and structures on the round robin masW sfiberent
topography €orrections calculated on the basis of PTB UV micopg setup Moreover, corrections to trans-
form top CD values to structure width at 50% hemte specified for the round robin mask, too.

4.2 Presentation of round robin results

In the following figures 9-12, the measurement itsson the round robin mask are presented for miffetypes
of line/space structures as they were providedyiith the calibration routines applied by the dpants using
their respective PTB calibrated reference masks tige 1) but without any further corrections. SEdults
refer to top CD while all other results should pdavthe structure widths at 50% height.
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Fig. 9 Round Rohin measurement results on a COG masttestaforisolated opaque line structures.

The optical measurement results show a splitting twb groups, separated by about 20 nm. The paatitipB
and C which used a 100 nm thick Cr reference masksare consistently smaller widths of opaque lingcs
tures in comparison to those which calibrated thetical equipment with reference masks of sim@arayer
thickness. The calibration results of participabtand F are in good agreement with the PTB UV mimopg
results. Results of theew water immersion CD metrology tool were referred to the calibrated DUV tool of par-
ticipant F, because the immersion tool measurenvesits pitch calibrated only (50% threshold).
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Fig. 10 Round Robin measurement results on a COG mas#iasthforisolated clear line structures (the dif-

ferences for the SEM results at nominally 280 mucstire are caused by a particle contamination).
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Fig. 11 Round Robin measurement results on a COG mas#iasthfordense opaque line structures.
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Fig. 12 Round Robin measurement results on a COG masttasthfordense clear line structures.



The observed results could be expected, see tabBlarthermore, the difference between top CD andn@as-
ured at 50% height was expected to be about 2%laduced from Cr layer height and edge angle. Tresored
mean differences of the PTB results for top CD messtsby SEM and CD at 50% height measured by UV mi-
croscopy on isolated structures were determindzktd4 nm for opaque and 29 nm for clear structdress. is a
satisfactory agreement taking into account theuatatl respective PTB calibration uncertainties ofrtband

25 nm. The agreement between the SEM results GEipant A and the PTB also is satisfactory. Howefoer
structure widths well below 200 nm deviations o¢aunich can be explained by the interaction of élextron
diffusion cloud over the width of the smallest stures and the influence of this “proximity effecti the expo-
nential top CD operator of the PTB. Work is goingtomproperly address this challenge for futurebrations.

4.3 Further analysis of round robin results

It is interesting to apply the expected correctifyrom table 2 to the results of the round robin steaments and
to analyse the achieved agreement. Figure 13 stimv®sults of such an analysis. The mean rangk refsalts

after application of the described absolute matghkimrrection now is about 10 nm and the mean stdritkvia-

tion is below 5 nm. In our opinion this is a quitenarkable and promising result, especially takmg account
that the time frame between PTB calibration of sofithe reference standards and the round robirceseewas
more than one year.
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Fig. 13 Round Robin measurement results on a COG maskasthrafter application of corrections of ex-
pected systematic differences (see table 2jstbated opaque line structures.
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Fig. 14 Deviations of all round robin results on a COG knstaindard forsolated opaque line structures, CD
offsets are referred to the width of structuresvieen 820 nm and 1um as measured by the PTB SEM.




In Fig. 14 we referred all participants resultsthe mean of PTB SEM results at larger structuresdst
820 nm and 1 pum, just to define one reference GDtainvestigate the deviations of the differemi$oinclud-
ing the new DUV immersion equipment, which is congplshere for the first time.

The final figure 15 shows measurement results fromespartners on a 193 nm attenuated phase shiit, mas
including results from an AIMS 193 mask metrologplt Only partner H had used an optically calibdaf B
phase shift mask for CD reference, the other pestosed either a fixed 50% threshold criterion (Dtddls,
only pitch calibrated) or the isofocal point an&@y®r determination of an effective CD (AIMS tooljhe PTB
SEM values again determined the top CD and areosechgreement to the values of participant H, takito
account the expected difference of about 25 nm émtwop CD and width at 50% height (similar layeck-
ness and edge angle as for COG round robin mask).
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Fig. 15 CD measurement results on an attenuated PSM rtersdtasd forisolated opaque line structures, see
text for details. Please note logarithmic CD-scale.

5. CONCLUSION AND OUTLOOK

A round robin measurement of a newly developedpbbtomask standard was conducted to investigate and
demonstrate the performance of the standard anbeoinstrumentation and calibration procedures lirech
Reference CD masks were calibrated by the PTB Wfgrdiit methods, both providing independently tratea
calibration results. These reference masks werg logehe participants to calibrate their instrunag¢ion before
a round robin mask was measured and compared. diingdor systematic differences one would thecsdly
expect, the observed range of agreement of alladsthpplied was better than 10 nm, much better tthaues-
timated measurement uncertainties of the PTB cdililora Further investigations are on the way toriowp the
correlation of results of the dedicated CD metrglegquipment to the AIMS measurement results.

The round robin exercise clearly indicates the gmateness of the developed CD mask standard dssvéie
developed calibration methods for current requirethién CD metrology. The developed standards aritireal
tion methods can also be used by interested tlairtes.
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