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ABSTRACT

High quality scatterometry standard samples hawn laeveloped to improve the tool matching betweiferdnt
scatterometry methods and tools as well as withh higsolution microscopic methods such as scanniagtren
microscopy or atomic force microscopy and to suppoaceable and absolute scatterometric criticahedision
metrology in lithographic nanomanufacturing. Fisstmples based on one dimensional Si or gN,Sirating targets
have been manufactured and characterized for thjmpge. The etched gratings have periods down tmb@nd contain
areas of reduced density to enable AFM measurenfientmparison. Each sample contains additionalieast one
large area scatterometry target suitable for goazinidence small angle X-ray scattering. We pretiencurrent design
and the characterization of structure details almel grating quality based on AFM, optical, EUV andRdy
scatterometry as well as spectroscopic ellipsomeegasurements. The final traceable calibratiorhe$é standards is
currently performed by applying and combining diffiet scatterometric as well as imaging calibratioethods. We
present first calibration results and discuss thal fdesign and the aimed specifications of thedded samples to face
the tough requirements for future technology naddsghography.
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1. INTRODUCTION

Scatterometry, in the semiconductor industry ofteferred to as optical CD (OCD) metrology, is ae@mterm for a
number of different important optical techniques sopport the lithographic nanomanufacturing procéss
semiconductor industry. Scatterometric techniques @enerally very sensitive to many relevant phajsiand
dimensional features including the critical dimensi (CD, typically the feature width) of the nam@si structures to be
manufactured and as optical methods they are dastdestructive and practically contamination-fidewever, today
scatterometry is usually not applied for absoluf®@ @easurements and quality control. The main redsonhis is
caused by the lack of tool matching between scatteters and CD-SEMs (scanning electron microscépe€D-
Metrology), which are typically used as referenzels for CD metrology. In measurement comparisaagterometers
typically show an excellent linearity to CD-SEM teoln many cases however, systematic offsets letweth systems
of the order of several nm up to few 10 nm [1-3 abserved. These systematic deviations may beectethboth to the
applied measurement methods and tools, to necesggrgoximations in the modeling and data analysid &
imperfections and limitations of the target struetu Although these systematic offsets may alsatbleast partly
attributed to the CD-SEM measurements or simplyneonsistencies in the definition of the measurarfds the
implementation of scatterometry as absolute ande#dle metrology it is necessary to identify, chemdze and
eliminate possible causes for systematic measureemars and to evaluate thoroughly a complete oreasent
uncertainty estimation to achieve reliable scatteiwic measurement results [4-6]. Recently, we havestigated and
guantified several of these possible systematiar ewurces [7-9]. However, this is a quite elabmtask, which could be
made easier and manageable for practical instalsapplications with the availability of suitablealibrated
scatterometry reference standards.

*bernd.bodermann@ptb.de; phone +49 531 592-42%2t48 531 592-4264;
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Today, several CD standards based either on stagcfphotomasks [10, 11] or wafers [12-14] are addl to support
the metrology for lithographical nanomanufacturiigwever, none of them is designed and suitabtedbstate-of-the-
art OCD tools, since they either contain only singslibrated structures [10, 12, 14], the gratargéts are too small for
current tools [14] or the structures are quite éaf@D >> 100 nm) and only mask based [10, 11]. Veraome this
shortcoming, within a joint research project (JRPJ] we recently have developed, characterized ealibrated
scatterometry standard samples to support the CDology in semiconductor industry, in particularr favafer
processing including lithography. Furthermore itsveamed to enable tool validation for differentéypf OCD tools and
to support the equalisation and matching of théouarmeasurement techniques (OCD, SEM and AFM) osadly for
CD metrology in the semiconductor industry.

Two different standard samples, based either oorSin SiN,;, have been developed. We have characterized the
structure quality on these samples using both hégblution microscopy such as Atomic Force Micrggc@AFM) and
SEM, and different scatterometry methods such agapEUV as well as X-Ray scatterometry and sqeciopic
ellipsometry. For the calibration a combined analysf DUV and EUV scatterometry, spectroscopicpstiimetry or
Mueller polarimetry and GISAXS measurement datapsued by AFM and CD-SEM results will be appliedngs
Bayes algorithms [16-18].

Here, we report on the status of these developmamisdiscuss the final design and aimed specifinatiof these
standard samples and of possible future extensions.

2. SCATTEROMETRY REFERENCE STANDARD SAMPLES

The design of the scatterometry reference standaads to take into account different boundary cood# and
requirements. So they should be applicable foedkfit type of instruments both of the project pengrand of course
especially for end users in industry, should costate of the art industry requirements and curtghbgraphy
technologies and be extendable to future technokigps. Additionally a principal suitability for MF and SEM
characterization was desirable as well. And fingtlg manufacturability and availability of high djtyamanufacturing
processes was of course another important condiinhave developed two scatterometry standar8s, @nd a resist
mimicking dielectric standard based oaNGi The different type of standard samples and nagedre chosen to cover
different metrological applications like resist mogy and inspection of the fabricated wafer, &attvarious
metrological requirements in semiconductor induatey gathered.

A well-controlled state of the art manufacturingois key-importance in view of high reproducibilitfhe reference
standard samples were manufactured by electron bé&famgraphy. The substrates used were silicon kgafer the
silicon gratings and silicon wafers with a depasit®0 nm silicon nitride layer for the dielectriatngs.

Suitable processes for the manufacturing of botari SiN, versions of the reference standards have beetifiddn
and optimised. The substrates were spin coated paititive electron beam resist ZEP520A, with thesses down to
30 nm for the smallest CD of 25 nm. For the elettieam exposure, a Vistec EBPG5000+ES e-beam writerused,
which operates with an electron acceleration velta§ 100 kV. The final step involves reactive idichéing of the
substrate, while the developed resist acts asme&dk. The etching gases used werg&@iel GFg for the silicon gratings
and CHFR for the dielectric gratings. Finally, the remaiginesist layer was removed with an oxygen plasnie T
electron beam writer addresses typically main fgghds of 250 um x 250 um. Further distributionhef design over the
whole sample size is done by scanning the samgddf iwia a laser interferometrically controlled gea Although the
individual fields are periodically aligned by ant@amwatic adjustment of the beam deflection on destiph markers on
the sample holder table during the exposure, sdiéfs of the sample or holder system due to slightiations in
temperature may lead to minor stitching errors betwadjacent fields. Usually, these stitching sraoe too small to
have an impact on the design or to be measuredy gcanning electron microscopy. Interestinglyerethe periodicity
of sub-fields of 4.3 um in the e-beam writing prexare visible in the GISAXS measurement at the.PTB

So far the produced reference standards coverge rahgrating periods between 50 nm and 250 nmnamdinal CD
values between 25 nm and 100 nm. The structurehheigs adapted for different grating periods touemshe best
manufacturing quality.

For the process development, testing and validati@hto test the applicability of different metrgjotools in a first step
we used a design as shown in figure 1. The larggscshaped grating was chosen to enable GISAXSumezasnts with
the plane of incidence along and perpendiculahgogdrating lines. The scatterometric measuremesasafor smaller



spot size instruments are indicated by unique algmt marks (not shown in figure 1). Additionallyeth are several
small areas (size 5 um X 5 um) with a reduceddimesity for AFM testing.
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Figure 1. Design of the first test samples to aest validate the manufacturing processes as weétieaapplicability of
different metrology tools. The large cross shapadigg was chosen to enable GISAXS measuremerttsthétplane of
incidence along and perpendicular to the gratingsi The red lines mark areas of locally lowered-tb-space ration to
enable AFM reference measurements even for sniadigsebelow 100 nm.

3. CHARACTERIZATION OF THE STANDARD SAMPLES

To enable finally a calibration of the most impattatructure parameters CD, side wall angle (SVé&)cture height
and mean pitch (period) especially for the scattetoic measurements it is essential to gather ashnaupriori
information as possible about the structures tomeasured to support unique and accurate measurenesuts.
Therefore, and in order to validate the high quatif the fabricated grating samples, in a firstpstee thoroughly
investigated detailed geometry features as weaha®sptical material parameters of the line stmegu

To determine reliable optical material parametgrs,complex refractive indices, we applied goniainaeflectometry,
spectroscopic ellipsometry and spectroscopic Mugitdarimetry measurements in sufficiently largehedd and not
etched areas. For this purpose we used PTB’s hdlhdbUV’ scatterometer [3] and a commercial spesitopic
ellipsometer/Mueller polarimeter (SENTECH SENresBaB50SE). These optical parameters are typicdiiyngly

correlated with potential layer compositions anédghts as well as etch depth or the correspondingtstre heights.
Therefore we additionally applied X-ray reflectonyeand AFM measurements to characterize the layactsires and
etch depth. With this approach we determined sigitatlean values as a-priori information and (partjgpd starting
values for the final calibration procedure (se@bglfor both sample types:

« Si-samples: n&k for the silicon and the (inevitgtdicon oxide layer; thickness of oxide layeletiepth
» SizNg-samples: n&k for the silicon and thesl$j layer; thickness of and etch depth in theNglayer

Additionally we have applied different high resadut microscopy tools, namely low voltage SEM, cresstion SEM
and PTB's 3D AFM [19] to characterize further impoi structure details such as line edge roughmelgge angles or
etch profile details such as corner rounding.
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Figure 2: Measurement example of AFM line edge lar@widths roughness measurements on test samples first
iteration stage (with worse structure quality titiae final samples).

Besides the structure height AFM measurements tiized to characterize line edge roughness, lidgeeangles and
profiles. Figure 2 shows an example of a Si lineicdire measured by our 3D-AFM. It demonstrates ekeellent
reproducibility of the measurements both in theigal and in the lateral direction.

Figure 3, 4 and 5 show SEM measurement exampléiseofinal standard structures for both materialsasSwell as
SisN4. Measurements have been done using top down infige8) as well as cross section images (fig )4 tfe latter
of course only on identically manufactured test gies) because cross section imaging is a desteuctathod.

The top down SEM images shows rather smooth limge&dApplying PTB’s edge detection algorithms [28Ese top
down images are analyzed to derive the local ldgeaoughness and to some extend also local lige adgles.

Even though SEM cross section images give only irediyect information about the samples to be ctterized, since
only identically manufactured samples are destvabtimeasured instead of the samples of interesy, hevertheless
give quite valuable information about the basicssreection geometry of the grating structures, igemy that the
manufacturing process is stable and highly repritdieic

For the manufactured $Bl, gratings the cross section images (fig. 4) in@ic#tat the edges are not perfect, but show
edge angles, which are significantly lower thanittended 90°. However, the observed top and bottmmer rounding
is relatively small.

For the Si gratings (c. f. fig. 5) the observedesdggles are much steeper (about nearly 90°). Henwag confirmed by
the scattering data below, the edges show a signifibottom corner rounding. In fact the whole gemin the bottom
are rather curved with almost constant radius acitssfull width. The top corners of the lines dw tother hand are
much better defined. This is easily understood fritve fabrication process, as the grooves are etelfied resist

development with the top area of the lines covéngethe resist acting as the etch mask and thusgteat. After etching,
the resist is stripped by an oxygen plasma treatwbich does not further etch the sample. Thisttneat, however,

oxidizes the surface and causes the rather large ¢ixickness of around 6 nm. It should be noted tifis oxide is not a
stoichiometric SiQand probably also not homogeneous from the silinterface to the surface.
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Figure 3: a) SEM top down image; b) analysis ofeedgsitions applying PTB's BDF-edge detection athorj c) top (blue)
and bottom (cyan) edge position versus scanningigoso derive local line edge roughness pararseter
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Figure 4: SEM cross section image of g\aisample with a grating period of 100 nm and a nam@D of 50 nm.




The microscopic characterization has been supplrdeand validated bthe scatterometric measurems in the DUV
and X-ray spectral range using EWBAS and GISAX., as shown in section 5.

Here in particular the GISAXS measurements duehéovery short wavelength have proven to be vergisea to
structure details such as lirdge as well as surface roughness. In fact dueetGtSAXS measurement geometry th
measurements are very sensitive and useful to measuwvell long range line inhomogeneities suchtiashing or su-
stitching effects of the beam writing proces221].

4. STRUCTURE MODEL AND DATA ANALYSIS

As already mentioned aboveyfthe final measurements and calibrations of fla¢ing structure besides CD-SEM and
CD-AFM high resolution microcopy several different apgches of ‘photon based scatterometry’ from tlray
(GISAXS) to the visible and near infrared spectaaige (ellipsometry / Mueller polarimetry) are apgl

To avoid as far as possible asystematic measurement deviations it is of utmogortance that the measurement «
of all methods are analyzed as far as possible thdhsame geometry and layer model and with thee sdata analysi
methods.Therefore, all photon basedeasurements including theray and EUV data is modeled and analyzed u
the finite element basedaxwell solverJCMsuite [22, 23]. This FEM solvallows to model arbitrary structui and
shows typically a very fast convergence, so tha itery wellsuited for the optimization process, which is reggito
derive the structure parameters from the scatter@maeasurements

For all results presented in this manuscript weehapply a two stage optimization: in a first step use a globz
algorithm such a®article Svarm or Differential Evolution to find a unique solution close to the absoluteimimm of
the multidimensional error function. In a second step weyaallocal gradient basedptimization in the vicinity of thi
global optimization result to refine the reconstiat result.

From the cross section SEM images f. fig. 5 we have derived a reasonalgleometry mod: for this optimization
procedure. As shown in figure 5 (rightle use for all measuremeratdrapezoidal line cross section with top and ot
corner rounding as a suitable and sufficientlyisial structure profile descriptio

For the dicon samples we add a homogenous oxide layehers-substrate as wiehs on the top surface and the ec
of the silicon line structures.

For the SN, samples no such oxide layer is required. Howevere live allow for an etch depth, which might dit
from the height of the &\, layer to take into account a possible er- or overetching of this nitride laye

) W

fOp corner
radius

bottam
- corner radius

idewall angle

piich

Figure 5. Left cross section SEM image of a Si line structughtr <cheme of the geometrical model used for the
evaluation. The six parameters are indicated. ffmodel, we assumed a homogeneaickness of the oxide, whic
results from oxygen plasma cleaning for resispptrig, at all surface:



5. MEASUREMENTSOF THE STANDARD SAMPLES

For the final measurements and calibration of tbatterometry standard samy, besides the above mentior
microscopy methods CBFM and CL-SEM four different photon based methods and fiviéerint measuremel
systems are used:

» Spectroscopic Ellipsometry / Muelle polarimetry measurements are provided either byme-build Fourier-
Mueller polarimeteoperated in the VIS and NIR spectral rai developed recently by DFM 4], or by a versatile
commercial DUV to NIR system (SENTECH SENresearst 8E

e Goniometric scatterometrneasurements at an operation wavelength of 266 nerdone by PTB’s hon-build
DUV-scatterometer [25, 26]

« Small angle EUV scatterometrgJV SAS, c. f. fig. 7)are performed with a unique EUpolarization sensitive
reflectometer and scatterometexcently developed and set up at PTB at the eledtorage ing BESSY Il in
Berlin [21]

» At another beam line of BESSY Il another setuppigli?d forGISAXS measurements [21, 2

We have measured all manufactured reference sthrsdanples with all these different -ups and methods and in a
first step each measement has been analyzed individually applyingrtiwelel and approach described in the prev
section.

Figure 6 illustrates the GISAXS measurement schame shows a measurement example of istandard sample
compared with a best fit result of the F-optimization. This result documents the generaligedlent fit quality.
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Figure 6:left: scheme of the GISAXS measurements at the RIBB &t BESSY I, right:omparison of FEM reconstructic
(red squares) and diffraction efficiencies meas by GISAXS (blue line) of the grating sampléth a pitch of 100 nm. Th
angle of incidence is 88.9the indicated angle relies to the sample su

Nearly @mparable good results are obtained as well for BEh/-SAS measurements, as is shown in figu.

Additionally shown is here a photo of the r andquite versatile EUV scatterometer and reflectomgysten. Here, the
measurement scheme is very similar to the GISAX@smement. However, due to the much shorter wagtHethe
angle of incidence canebchosen significantly smal, leading to strongly released requirements insttetterometn
target size in the direction of the plane of incice.

Figure 8a shows the measurement scheme for themetric DUV scatterometer. Since the grating sas under test
are in the subwavelength regime, usually only the zeroth diffiactorder, i. e. the specular reflected bear

measurable in the far field. To extract nevertteklsficient information about the structures weameed the sampls

in four different measurement geometries with the grafimesl oriented within or perpendicular to the plahencidence

and illuminating the sample either wit- or p-polarized light. Figure 8 (bottom middle and righfjows measureme
examples for two diffieent Si gratings with periods of 100 nm (8b) andnB®(8c), respectively. The comparison of

measured reflectance curves (dots) with the cooredipg best fit optimization results (blue line)aag shows al
excellent agreement. The resulting struc geometries and sizes are shown as well and qixgiatompared witt
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FEM reconstruction (red squares) atiffraction efficienciesmeasured by EUV-SAS (blwgrcles) of the grating samp
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resulting in a strongly reduced interaction a
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Figure 8:a) four different measurement geometries useddaiagnetric DUV scatterometry, b&c) bottoiComparison of
FEM reconstruction (lingsand measurecdots) reflectance for grating sample with a pendd00 nn (b) and 50 nm (c) and
top: qualitative comparison of the structure gesiestreconstructed from these measurements armbthesponding SEI
cross section images.

corresponding SEM cross section images of nomdeitical structures (8b, 8c, top). Would like to stress, that e

tiny structure features such as the top and bottmmer rounding are obviously reconstructed veell, even if the size
is in the deep sub-wavelength regir@®@mparable good agreement is observed for thetsteuprofile: obtained for the
X-ray scatterometry measurements, as compared weitBEM cross section imag
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Figure 9: Mueller polarimetry measurement datatviar different polarization state analyzer oriemtas (180° and 135°)
and best fit optimization results for a Si gratimith a period of 100 nm and a nominal CD of 35 nrtagted with DFM’s
home build spectroscopic Mueller polarimeter. Thedrir elements are given in terms of the correspanBourier
coefficients.

Finally, figure 9 depicts a measurement examplaiobt with DFM’s Mueller polarimeter. Here 8 of thé Mueller
matrix elements are shown in terms of the corredmonFourier coefficients, as obtained in the datalysis of this
polarisation modulated measurement system. Measuntsnare shown for two different orientations af ffolarization
state analyzer with respect to the plane of inademnd are compared with the corresponding bestpfimisation
results. Again we observe a very good fit quality.

Table 1 shows results for the main structure parar®eCD, height, side wall angle and corner rougslifor three
different Si grating targets obtained by individeahluation of the described scatterometric measents. The results
for the obtained CD and height values are alrendsery good agreemeryt @ nm), in particular for the DUV and the X-
ray scatterometry measurements. For the oxide hageobserved some sensitivity issues for the Xgegtterometry
methods. The agreements of the results for theveidleangles and top as well as bottom corner rimgndre reasonable,
but not perfect. A reason for this might be sonsédugal correlations between side wall angle andeorounding.

Table 1: First individual measurements resultstoad different Si grating targets obtained by défe scatterometric
measurement methods and tools.

Height Corner Radius i
/%21 E Side Wall angle Heiogxr:fcj?nnn
/nm Top /nn Bottom/nnr

Si-target with nominal CD = 25 nm, period = 50 rimeight = 50 nm

GISAXS | 25.1 | 48.2 87.7 4.2 13.8 -




DUV-Scatt| 24.8 [ 51.7 84.4 4.5 9.5 5.0

EUV-SAS| 23.3| 48.9 88.6 6.4 11.6 4.7

Si-target with nominal CD = 55 nm, period = 100 fmaight = 100 nm

GISAXS | 55.0 | 102.1 82.9 5.7 14.0 -
DUV-Scatt| 53.4 | 101.2 90.0 8.0 20.5 5.3
EUV-SAS| 53.6 | 100.8 87.6 29 15.8 8.7

Si-target with nominal CD = 35 nm, period = 100 fmaight = 100 nm

EUV-XRR| 31.5 | 104.2 89.3 3.9 253 5.8
DUV-Scatt| 34.2 | 103.8 90 7.55 24.6 5.2
Mueller-Poll 37.0 | NA 87.5 16.7 33.3 6.3

6. CONCLUSION AND OUTLOOK

We have presented here the the current statuseofi¢hrelopment of high quality scatterometry refeeestandard
samples. We have shown the development, charaatierizand first steps for the calibration of thesenples. The
manufacturing process and design for high qualiéyngles has been developed. Characterization offitee

manufactured test samples performed with a largetyaof different high end tools confirms the goqdality of the

manufactured samples. Additionally first resultgtod calibration of Si-samples performed with difiet scatterometric
tools and methods already show a good agreement.

Current measurement uncertainties for the differe@sasurements for example for the CD values ama®d to be of
the order of few nm. However, to achieve even Sigamtly smaller measurement uncertainty valuestfa final

standard calibration a combined data analysis lohaehsurements including AFM, SEM and polarimetayadwill be

applied. The procedures and methods for this hytmétiology approach based on Bayes algorithm hiready been
developed and tested [17, 18]. With this approaetexpect to reach measurement uncertainties (K3#low 1 nm for
the CD and 0.3° for the side wall angles.

First SEN, samples have been manufactured as well and amentlyrcharacterized and calibrated in a similay wihe

structure quality appears to be quite good as wth even much reduced corner rounding, as conapaith the silicon
samples. The edges seem to be significantly lesp than the silicon line edges, but are assumbd &till appropriate
for the intended purpose.

For the final version of the standard samples weedeveloped a modified design as shown in fig@reAls it was
recognized, that for the GISAXS evaluation the fedtls with the grating lines along the plane méidence are much
more appropriate and sufficient for the characttian of the grating structures, here we omitted ®ISAXS field with
grating lines perpendicular to the plane of incimerinstead, to increase the practical use foe-gththe art OCD tools
we added a matrix of scatterometry targets of 1?riimsize and with systematic variations in the iggtperiod
(currently 50 nm to 250 nm) as well as the linespace-ratio (duty cycle, 0.9 to 1.1). Additionallie have added
another column with a very low duty cycle of 0.25%nhable an improved and more direct comparisdd@D and AFM
tools.

The grating periods and with it the structure disiens may be scaled down to 22 nm and below tesatficurrent and
future technology nodes in semiconductor indugtrgyvided the availability of suitable advanced eshbewriters and
suitable resist.



Both the final siliconand the dielectric reference standard samples hv@llavailable in the near future and
participating national metrology institutes woffer an adequate calibration servfoe these standard
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Figure 10:Draft of the final standard design containing omhe GISAXS test field (plane of incidence along ginating
lines) for GISAXS referencmeasurements and to test the process quality. iddelty a matrix of smaller 1 m?
scatterometry targets is added to enhance the pteaspace for scatteromecharacterizationThe low lineto-space-ratio
in the left column enablesmore direct coparison with AFM reference measurements even fallgmeriods
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