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ABSTRACT

Different type of CD metrology instrumentation is lise today for production control of photomaskanely

SEM, AFM as well as optical microscopy and opticatierometry is emerging, too. One of the challsrige
CD metrology is to develop a system of cross cafibn which allows a meaningful comparison of theas:
urement results of the different systems operatigloirwa production environment. Here it is of spédémpor-

tance to understand and also to be able to simtiiateesponse of different metrology instrumentatio varia-
tions in sidewall profile of features on photomasdk& will report on the preparation of a special@@st mask
with an intended variation of sidewall features dmel subsequent metrological characterization isfrthask in
different type of CD instrumentation. The discusstd the measurement results will be accompanied His-

cussion of the simulation of instrument responsedture sidewall variation.
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1. INTRODUCTION

Sidewall profile and feature shape control is ggtiincreasingly important in lithography and in kg@soduc-
tion, too. This already holds for currently applieghsmission (phase) masks but even more for N&intogy
developments like e.g. EUV lithography and the esponding EUV multilayer oblique incidence refleati
masks. Different metrology tools are in use todag will also most likely be used in future to chaeaize the
mask features in different process steps and tiims & run and control production processes whth tequired
high levels of stability as described in the ITR&dmap [1].

Currently high resolution microscopy methods lilkarsing electron microscopy (SEM), scanning prolie m
croscopy (SPM or AFM) and DUV or UV optical microgy are applied for mask CD metrology and compara-
tively new developments like scatterometry are stigated and introduced in this metrology field; {@]. A
large effort is spent today in so-called crosskration activities in mask metrology. The objecthere is to
thoroughly investigate and determine the respoffigffierent metrology instrumentation on CD varimts of
specific mask target features to be able to mdietrotitput of these different metrology tools fdratge process
control within production environment [3].

Sidewall profile variations are sensed differefyyCD metrology instrumentation being in use forskaharac-
terization today. Thus, for all of the abovementobngethods it is crucial to have appropriate modeleloped
and available for description of the interactiortia# probe and the sample features, which haveojepy take
into account variations in sidewall profile of faets on masks as well. Only by application of theselels,
observed variations in measured images or sigmdilgs can reliably be attributed to corresponduagiations
of geometrical edge sidewall parameters (absodmufe height, sidewall angle, top corner roundiagting,
..) or variations of absorber material properties.

We performed a systematic investigation of CD mlegy tool response by means of a dedicated chrame o
quartz glass (COG) etch test mask which was predessprovide a defined variation of sidewall pifiharac-
teristics. This test mask then was measured byrdiffdype of CD metrology instrumentation in indigtenvi-
ronment as well as in a metrology institute andrésilts were systematically compared and discu§dexdis-



cussion of the measurement results will be accoragay a discussion of the simulation of instrum@sponse
to feature sidewall variation.

To illustrate and underpin the introductory wordgjufe 1 demonstrates the critical dependence ofdfgonse
of different CD metrology instrumentation on edgefite variations (results by Infineon mask houstinich
on an older etch test mask). Please note, thaf #ttle instruments used for determination of CDfamiity on
the test mask in Figure 1 do fulfil the strong ITBSnands on reproducibility and precision. Howetteg, use-
fulness of the different results is strongly lindifdbecause the CD measurement results of the é¢hdil/tools do
not provide information about the sidewall geometvkiich strongly influences the CDU results in thise.
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a) UV-opt. (transmission) b) UV-opt. (reflection) c¢) SEM (90% threshold) d) SEM (50% threshold)
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Figure 1. Comparison of response of different C&rology tools on intended larger sidewall profikiation on
a special etch test mask and its impact on detesn@D uniformity values. Note e.g. the sign reviersa
of CD-SEM results upon variation of threshold valagto d) distribution of CDU measurement results
over the test mask; e) shows the basic layout efetich test mask; f) and g) show cross-section SEM
profiles at two different measurement sites onntiask.

2. LAYOUT AND PRODUCTION OF SIDEWALL PROFILE TEST M ASK

For the systematic investigations of CD metrologgponse on sidewall profile variations a dedicéést mask
was produced. In order to introduce variationsidéwall geometry which are to some degree reprateatof
possible variations within standard production pases, a test mask was dry etched repeatedly watessive
removal of resist masks over individual measurerday in between the etching steps.

The basic layout of the measurement features otetitenask is shown in figure 2. The available s&sictures
are, among others, isolated as well as dense opeguand transparent groove features with the lestaCD
design value of 100 nm. Five differently etchedsdieere produced on the mask, see figure 2.
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Figure 2: Basic layout of differently processedsdand line test structure groups available orettie test mask.

3. DESCRIPTION OF METROLOGY TOOLS AND MODELING APPR OACHES
USED FOR CHARACTERIZATION OF SIDEWALL PROFILE TEST MASK

In this study metrology instrumentation being i us mask industry and in a metrology institute evapplied.
The different measurement methods described inggrdatail below were scanning probe microscopy (S#M
AFM), scanning electron microscopy (SEM) and UV cgittransmission microscopy.

3.1 Scanning probe microscopy

The SPM characterizations of sidewall profile chteastics were mainly performed by means of theaited
surface nano profiler instrument (SNP XT). This SBés a quasi-static step-like measurement modaichva
cylindrical diamond probe tip with diameters dovan00 nm is approaching the sample until a usenéef
interaction force is reached. By consecutive apgrimgy and retracting of the probe tip at differsités, topog-
raphy scans can be recorded while the sample Bia@gs The shape of the contacting probe is detezthine-
forehand and in between the measurements at @ujpatibe tip characterizers and subtracted frommtbasure-
ment results by erosion data processing.

Figure 3 shows examples of SPM profile measuremesutits on opaque single lines of nominally 200inr8
differently processed dies. The scans were prodgsseded) to eliminate the influence of tip conimn from
the measured profiles. Larger variations of sidewsdffile characteristics could be observed, howekerdif-
ferent etch processing of the dies did not resudt simple variation of the sidewall angle onlystead different
footing characteristics of the lines were introdiceith the profiles in die 1 showing transitiorgi@ns in the
lower half of the sidewalls ranging over about 100
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The measurement results of the SNP scanning prebiinent were also compared with the results ofteamo
scanning probe microscope operated at the PTB [4.1tter SPM uses a x-y-scanning stage for sampieem
ment and an interferometric displacement measurearah control of the cantilever movement. On thEVS
standard cantilevers are used and measurementsiiaict as well as non-contact, i.e. dynamic scannindes
are possible. Recently, this SPM was also modiftede able to measure in quasi-static step-wiseemtmab.
Figure 4 shows a comparison of both SPM systenlmerstructures on the edge sidewall test maskarit be
seen, that the non-contact SPM profile follows $NP profile quite well, apart from the steep pmfkections.
The differences in these profile sections can beestgtdod, because the non-contact SPM measurements w

performed with a standard SPM cantilever operatiiil a tip of about 20° half cone opening angle.
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Figure 4: Comparison of measured sidewall profidasa 320 nm line feature in die 1 of the test maeter-
mined by 2 different scanning probe microscopes teet for details.

Usually the sidewall profiles measured by SPM aral\@ed on the basis of threshold algorithms. Auea
width is determined at a user-defined feature hHeigld sidewall angles are extracted between defimeghold
levels. However, in case of the sidewall charasties observed in figures 3 and 4, a different agph taking
into account the different profile section chardstes can be more appropriate. Figure 5 shows pmssible
approach to this profile analysis task. The SNPveadlemeasurement data are analyzed for linear apdreen-
tial profile sections and are fitted to these fiont. The parameters of the fit functions can bel usadescribe

the sidewall edge characteristics and also to Imepaoed with parameters extracted from other meamne
methods.
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Figure 5: Examples of SNP sidewall data analyssetbeon determination of profile sections with didfet
characteristics, namely linear and exponentialilgrbehaviour (nominal 960 nm lines).

3.2 Low voltage scanning electron microscopy

Scanning electron microscopy meanwhile has devdlagea standard tool of choice for mask metrolaggy th
its very high resolution and fast measurement speettie low voltage operation mode sample chargagalso
be reduced to a large extent. However, the lowggnsecondary electrons (< 50 eV) used for imagiith suf-
ficient signal-to-noise ratio still are sensiblertssidual charging effects. This especially holdstfmse local



electric fields present at the interface betweawnmle absorber structures and quartz substrateadttherefore
also of interest to compare two different LV-SEM lwiespect to their detection capabilities and emjggrator
results on the features with varying sidewall chiastics on the etch test mask. One of the LV-Sifiylied
was already described in detail before (Electroric@pMetrology System, EOMS, [5]).

For interpretation and simulation of the measureEi¥Smages and signal profiles usually Monte Carldhnods
are applied [6]. They allow to simulate a sampleography and material configuration and to take atcount
appropriate physical models for elastic and in@asteraction processes of the electrons withie sample.
However, in order to be able to fully simulate SEhges these models have to be combined with otbdelm
ing approaches taking into account SEM electronctietegeometries and characteristics as well asagjlabd
local electric fields being effective at the sampéeEuum interface.

An interesting special case is the determinatiotheffeature width at the top of lines or groowep (CD). Here
the SE images can reliably be analyzed by applicatioan exponential edge operator, which is basethe
physical effect of electron diffusion within thensple structures [7, 8]. This approach will also lsedifor
analysis of the top CD values of the features enstdewall test mask. It was already mentionedhénimtroduc-
tion, that metrological characterization of EUV k&svill introduce new challenges. Monte Carlo basiedula-
tion methods are valuable tools in investigatioiSBM edge operator response on EUV mask features [9].

As an example of SEM results on the sidewall testkinfigure 6 shows SEM images on 200 nm and 960 nm
isolated opaque lines, measured at a primary beangyy of about 2 keV. The images for the 200 nnslicer-
respond to the features measured by the SNP scpprobe microscope as shown in figure 3. The stfoog

ing behaviour observed in the SNP profiles of fesgun die 1 shows up as broad signal minima imikasured
SEM line profiles. One can also observe that thenisity on top of the small chrome lines changes thesdif-
ferent dies.

a) die 1, 200 nm line b) die 3, 200 nm line c) die 5, 200 nm line

d) die 1, 960 nm line e) die 3, 960 nm line f) die 5, 960 nm line

Figure 6: Examples of SEM images and superimpogedriaied line profiles measured in differently mssed
dies on the test mask (compare fig.3). Rectang@lays indicate position of integration windows.
SEM conditions: Primary beam energy 2 kV, Beam curi®.7 pA, FOV 3 um.



It is also interesting to note that the increassighal level above the quartz level right of theimum on the
right flank of the profiles in die 1 still is withithe footing region as measured by the scanningepmicro-
scopes. This behaviour was investigated furtheh wie PTB EOMS system for different energies. Figlre
shows some of the results. Firstly, for the 2 kevhpry energy a quite similar characteristic insggd profile
was determined, compared to the profile measuréd twe other SEM in fig. 5a). Secondly the measimést
grated profiles show a strong variation with prignanergy. For all images, the maximum signal intgreccurs
at the steep edges at the upper section of thevalid@opography contrast is angle dependent), wibondary
electron intensity showing a maximum at around 2. Kehe exponential edge operator described abowehues
be applied to extract the feature width at theabghe line or top CD respectively also in thiseadowever, the
image contrast in the lower section of the sidewfadinges largely with energy and it will be difficto apply a
universal edge operator for extraction of the batfeature width for all energies. The secondargteda signal
increase observed at the lower ends of the foatigipns can in principle be understood by assurttiag) in
these thin Cr regions the primary electrons are &btransmit the thin layer and generate seconglaptrons in
the underlying quartz substrate, too. The simulatiotinis process is currently under way.

a) 0.65 keV b) 1 keV c) 1.45 keV d) 2 keV ej ReV

Figure 7: SEM images and superimposed integratedpliofiles taken at different primary beam energiéh
similar field of view (1.7 pm) on the 200 nm ist&ld line in die 1 of the edge sidewall test mask.

3.3 UV transmission microscopy

At the PTB a special set-up for high resolution Wical transmission microscopy was developed fosk@D
metrology which is based on the object scanninchotet This system already was described in detadrbef
[10]. In order to deduce the edge position fromrtheroscope image scan a sophisticated imaging hinadeto
be applied, which takes into account the vectorattaristics of the electromagnetic field and tBeekige ge-
ometries. We use two different methods to calculéelight-structure interaction: the rigorous cleapwave
analysis (RCWA) [11-13] and the Finite element metl{FEM) in a generalised form [14]. The microscopic
images are calculated using the program packageodim, developed at the University of Stuttgart][Ithe
simulated images are used to determine the caigmal threshold in dependence of the parametettseamag-
ing system and of the sample in order to extragtthe feature width at 50% height of the samplat@ny other
user-defined criterion. A comparison between thiggarous simulation methods and further detailsudibmur
microscope image analysis methods are describ§ibjnBecause FEM is more suitable to describe edge
profiles with not upright edges than the RCWA meithp5] the UV measurements at the test mask wese an
lysed using the FEM program.

We evaluated the measurements in two different waist we applied our standard analysis: The lind a
groove structures are approximated by a single sstnentrapezoid with edge angles of 84°, a striectugight
of 73 nm and a two layer approach with a 17 nm ABE layer and a 56nm Cr-absorbing layer [fig. 8]eTh
thresholds corresponding to the structure widttb@®o of the structure height are calculated foedirand
grooves in dependence on the structure width. Teasorements at the 5 different dies are than athiysra-
tively using these structure width depending thoédsh For high quality photomasks, where due togbed
edge quality the single trapezoid is a good appnakion, this evaluation method has been applied seccess-
fully and in good quantitative agreement with tieBFSEM results [16].

However, from the SPM measurements we know thatehkedge profiles are more complex. Actually dar
optical imaging models the edge profiles can bé spb three different parts: a steep linear peith an edge
angle of about 84°, a second linear part with ageeghgle of about 45° in the middle, and an expiislezdge
run out in the bottom (fig. 8c). The edge profileghe different dies can be characterised by teiglits i and
h, and by a decay length I (figs. 5, 8). From die 5 both h, h, and | decrease continuously.



Therefore in a second analysis we approximatedtthetsre cross section by a double trapezoid m(idgl8b),
neglecting the exponential footing of the edgeséaisons of complexity and calculation time. Thiswth be a
proper approximation at least for the dies 2 tBd. these simulations the top linewidth was kepistant at the
medium value obtained by the SEM top CD measurem#rsvalues hl we used were 32, 24, 16, 8 and 0 nm

for the dies 1 to 5, respectively. These resultsewesed to determine the top CD values from the gical
measurements.

Figure 8: Schemes of chrome absorber layer withrafiecting top layer and different sidewall pief used
for simulation of UV transmission microscopy measuent results. See text for details.

The resulting edge profiles obtained for the die® b are depicted in figure 9 for the case of tbenmal
480 nm line structures. As expected the profilessdnifted and flattened with increasingléading to a nonlin-
ear decrease of the thresholds which have to deeddpr top linewidth analysis of the measurements
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Figure 9: UV transmission edge profiles simulateddifferent absorber sidewall profiles within digo 5 on

the test mask as measured by scanning probe migypsdhe vertical line indicates the different
threshold values to be used for extraction of wgeeposition for features in die 1 to 5.

4. COMPARISON OF MEASUREMENT RESULTS ON EDGE PROFIL E TEST MASK

In the preceding chapters different measuremertiodstand signal modeling approaches were descrdedh
were applied for characterization of the edge salkt@st mask. In this chapter the results of tifieidnt meth-
ods will be compared.

4.1 Comparison of measurement results



Figure 10 shows the results of a comparative aisabfsthe SPM and UV microscopy methods on opamee |
features in different dies of the edge sidewall teask. The UV microscopy results shown in figurevidre
calculated on the basis of the simplified trapezow@tel in figure 8a) with a constant edge angl845t For the
features in die 5 which can be fairly well approated by a simple trapezoid model, the agreememtdast
optical and scanning probe microscopy results (faticD at 50% height) is satisfactory, howeverdtiuctures
with stronger footing behaviour the situation ifatient and clearly demands for a more sophistitabmulation
approach as shown in figure 8b) or 8c). FigurellliBtrates the larger variation of measured bot@thover the
differently processed dies, too. For determinatibbottom CD and top CD on the basis of eroded SiPdfiles
threshold values at 3% and 97% profile height veti@sen in this case (in figure 5 an alternativdyaisproce-
dure for sidewall profile characterization and Cadue determination was proposed, however it wayetofully
implemented and applied here).
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Figure 10: Results of comparative analysis of SRl dV microscopy on the sidewall test mask for laset of
opaque line features.

In the following the different methods including SHMTB EOMS) are compared with respect to the feature
width determined at the top of the lings CD). Figure 11 shows the results of this analysisaf@ubset of
opaque lines, while figure 12 concentrates on é¢isalts for 480 nm lines only.
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Figure 11: Results of comparative analysis of défifie metrology tools for top CD on the sidewalk tessk for a
subset of opaque line features.



For the determination top CD values from UV micasgthe feature model in figure 8b) was applied.
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Figure 12: Results of comparative analysis for@@pon the sidewall test mask for nominal 480 nmoogaline
features.

The results shown in figures 11 and 12 can be irgézg as follows.

1. Differences observed for the different tools widl $ome extent be due to the line edge roughnesiseof
structures especially for the smaller featuressigthtly different measuring window sizes,.

2. The top CD exponential edge operator has been igatsti and applied so far for feature widths down t
200 nm. The smallest structures of 200 nm nominab€ially showed about 100 nm top width.

3. The UV-optical top CD evaluation of the measuremenisently neglects the structure width dependence
of the thresholds to be applied. This could intradoeasurement errors of up to 5 nm.

4. Taking into account the footing at the bottom of gadges would cause a shift the UV-optical top Ces
closer to the SEM and SPM top linewidths resultseemlly for die 1.

5. Optical measurements in combination with an anslgéithe structure width at 50% height are a gaod a
sessment of an effective optical structure widthicWwhs of relevance for the lithography process: #is
reason optical measurements are a valuable suppléam&€D SEM and CD SPM measurements in mask
process control.

6. The overall achieved agreement of the different nmegsent and signal analysis methods is quite promis
ing, especially taking into account that the estedaneasurement uncertaintlés, for top CD determina-
tion are about 15 nm for SEM and 20 nm for UV mstapy.

5. SUMMARY AND OUTLOOK

A test mask with intended variation of sidewallfiles was produced and characterized by differggt hesolu-
tion microscopy metrology tools, namely scanninghgr, scanning electron and UV transmission micqmgco
The modeling approaches used to simulate measugesrand line profiles were described and apptidithé
features over a CD range of 200 nm up to 1 um.al$ Wemonstrated, that by application of suitablagimy
models which make use of sidewall profile and maktgroperties information, quite satisfactory agrent of
the different methods can be achieved to extraetryl defined measurands from the measurement data.
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