XIX IMEKO World Congress
Fundamental and Applied Metrology
September 611, 2009, Lisbon, Portugal

IMPACT OF MODEL UNCERTAINTIESTO THE RECONSTRUCTION OF
SURFACE PROFILESIN SCATTEROMETRY

Hermann Gross Andreas Rathsfelt) Frank Scholze Markus Bar

! Physikalisch-Technische Bundesanstalt, Germanynkien.gross@ptb.de
*Weierstrass Institute for Applied Analysis and $tstics, Germany, rathsfeld@wias-berlin.de

Abstract — Scatterometry is a non-imaging indirect microscopy, scatterometry is an important tool fbe
optical method in wafer metrology to characteriggiqdic ~ characterization of such structures [4,5].
surface structures with dimensions in the micrad aano- Scatterometry is known as a collective term foresalv
meter range. It is also important to lithographysksa metrology methods, which may be generally descriasd
designed for extreme ultraviolet lithography (EUYWhere measurement techniques for a quantitative evaluatib
light with wavelengths in the range of 13 nm islaggh The surface properties by angle-resolved characteozatind
solution of the inverse problem, i.e. the determidmaof analysis of light scattered from a surface undstr @ince no
periodic surface structures with respect to theitical imaging optics is used, the surface and shape @z
dimensions (CD) and other profile properties froighi reconstructed from intensity and/or polarization tada
diffraction patterns, is incomplete without knowgedof the detected in the far field by solving an inverse lppem.
uncertainties associated with the reconstructedrpaiers. Several measurement modes can be classified as
With decreasing feature sizes of lithography masksscatterometric techniques, e.g. the standard scatéter,
increasing demands on metrology techniques andr thefhe spectroscopic reflectometer, the spectroscopic
uncertainties arise. The numerical simulation ofe th ellipsometer, and the ellipsometric scatteromekan the
diffraction process for periodic 2D structures tanrealized measurements in the EUV range (0.7nm to 35 nm
by the finite element solution of the two-dimensibn wavelength) we use the standard scatterometry apprae.
Helmholtz equation. The inverse problem can be tdated non-specular diffracted light is measured for défe
as a non-linear operator equation. The operatorsntap wavelengths of the incoming radiation. The measergm
sought mask parameters to the efficiencies of atifed  are carried out using the EUV reflectometer shawfig. 1.
plane wave modes. The operator equation can beddly
optimization, i.e., minimizing the deviation of thalculated
efficiency or phase shift values from the measuveds.
Clearly, the uncertainties of the reconstructed filgro
parameters essentially depend on the uncertaiofiethe
input data and can be estimated by various methads.
Monte Carlo procedure and an approximate covarianc
method is applied to evaluate the reconstructigorithm. |
Particularly, we analyze the impact of uncertamtie the s §
model parameters by the Monte Carlo method. Recor = 9" ‘
struction results and their uncertainties are preeskfor the W
measurements of typical EUV masks. They are contpbose
140 nm wide TaN absorber lines of about 80 nm heigh Fig. 1: Spectroscopic reflectometer [6] operatimghie EUV
period of 420 nm, and with an underlying MoSi-mlajger ~ range (0.7 nm to 35nm) and scheme of measuremeunpse
stack of 49 periods.
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2. MODEL OF SCATTEROMETRY AND INVERSE
Keywords. Scatterometry, inverse scattering, litho- PROBLEM
graphy masks
2.1. Profile model
1. INTRODUCTION In order to ensure a reasonable reconstructioaracyg,
scatterometry requires a-priori information. Typligathe
In the semiconductor industry both the featuressemled surface structure is sought in a certain class rofilp
the admissible limits of measurement uncertaintgrei®se structures described by a finite number of parareet@nd
continuously. The evaluation of structure dimensiam these parameters are confined to certain intervals.
photo-masks and wafers in lithography is an impurta Fig. 2 shows such a class and its geometrical Iprofi
application of scatterometry [1,2,3]. Besides canimal  model for the cross-section over one period ofpécgl line-
metrology techniques like atomic force, electrod aptical space structure for EUV lithography where the ewte
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ultraviolet wavelength range is applied. The cremgtion of
the line is a symmetric polygonal domain composkithiee
trapezoidal layers of different materials (TaO, Tadhd
Si0,). These trapezoids are defined by the Y- and byXh
coordinates of the corner points. Beneath the dipeece
structure there are two capping layers of S&dd of Si

invariant in one direction. Fig. 3 shows a scheme the
irradiation of a periodic surface structure. Fag ttumerical
solution, a lot of methods have been developeddJ7\We

use the finite element method (FEM) and truncate th

infinite domain of computation to a finite one bgupling
with boundary elements. To compute highly oscillato

followed by a MoSi-multilayer stack (MLS). The last fields, generalized finite element methods arelakibg [11].

consists of a periodically repeated group of a Bi@t, a Si
layer, and two intermediate layers. Note that theSMs
added to enable the reflection of EUV waves.
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Fig. 2: Scheme of an EUV line-space structure caagd®f
three trapezoidal absorber layers of different nite the
sought profile parameters are indicated.

Important geometric profile parameters are, e.pe t

height p6 of the TaN absorber layer (55 - 60 nnu) te X-
coordinates relative to the period p2 and p7 of rigéat
corners of the TaN layer. In the following evaloas we
assume a symmetric profile, i.e., the x-coordinatdative
to the period of the corresponding left corner P8 resp.
p8 depend on those of the right corner points by [@3p2

and p8 = 1-p7. Furthermore we assume a fixed sidé w

angle (SWA) for the TaO layer of 82.6 degrees regméng
a certain edge rounding, i.e., the cross-sectiea af this
trapezoidal layer is equal to a corresponding Taged
having curved upper edges with a radius of abouint
Additionally, the SWA of the Si©layer should be always
equal to the SWA of the TaN layer above. For aheot
model parameters, including the optical indices tbé
materials and the widths in the capping or the itaykr
system, we suppose known values, i.e., they aes fand
will not be sought by our reconstruction method.

2.2. Helmholtz equation

The evaluation of geometrical profile parametearir
measurement data depends crucially on a rigoroutehirg

by Maxwell's equations and on accurate numerical

algorithms. Note that Maxwell's equations in thendi

harmonic case reduce to the two-dimensional Heltmhol

Coupling the FEM solution of this boundary valuelgem
with the so-called Rayleigh expansionwfx, y) provides a

general solution above and below the mask for titgaing
wave modes.

Au(x,y) +k?u(x,y) =0 (1)
Here the wave numbek = k(X, y) = w4/ f,€(X, y) is

constant in each area of the mask specimen filledhle
same material, andx
incident plane wave.
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Fig. 3: Scheme for wave interaction with a periagliating
structure with homogenous material properties in z
direction.

2.3. Profile reconstruction by optimization

Apart from the forward computations of the Helmholt

equation, the solution of the inverse problem, ilee
reconstruction of the grating profiles and inteefscfrom
measured diffraction data, is the essential task
scatterometry. This problem is similar to the optirdesign
of diffractive optics. The inverse problem can benfulated
as a non-linear operator equation. The operatorsntae
sought mask parameters to the efficiencies of aliterd
plane wave modes. The operator equation can beddly
optimization, i.e., minimizing the deviation of tkalculated

efficiency or phase shift valuesg() from the measured
ones (En ):

f(p)=x*(p) =2 uiz[en(pj)‘En} )
If the uncertainties of the nmeansured values ardadle,

is the circular frequency of the

equation (1) If geometry and material properties A then it is common for such least-square proceduoes

2454



choose weighting factors as the squared
uncertainties @ ? ).

The values of the sought profile parametgps} are
varied until the minimum of the functional (2) hhsen

found. Our approach here employs a Gaul3-Newton typ

iteration proposed e.g. by Al-Assaad and Byrne [ is
based on FEM computation for the efficiencies & line-
space structure and for their derivatives with eesgo the
profile parameters [13]. It is well known that tbelution of
the inverse problem might fail if it is based osdfficient or
improper input data. Studies with simulated data &
typical grating representing a photolithographicskngp,14]
show a strong dependence of the reconstructiofit @sthe
subset of efficiencies chosen from the set ofasdilable
efficiencies.

3. RESULTS: MEASUREMENT UNCERTAINTIES
FROM MULTILAYER PERTURBATIONS

3.1. Influence of detector uncertainties

Clearly, the measured efficiency valuds, entering the

numerical algorithm have uncertainties and willluehce
the accuracy of the reconstructed parameter vallies.

analyze this, a simple noise model for the detecte

efficiencies is considered: Suppose that systenefficts

can be neglected and that the values of uncertainté/OI

reciprocal 3.2. Influence of multilayer perturbations

In further investigations the impact of effectselikon-
periodic details of real mask structures, e.g.tysbations in
the periodicity of the multilayer system beneatk tme-
space structure, on the uncertainties of the reawmted
arameters have been examined.

Obviously, the reconstruction results do not orégpehd

on the uncertainties of the measured efficiendies,on the
so far fixed model parameters too. The capping and
multilayer system, determined independently frome th
parameters of the line-space structure by evaluatd
bright-field measurements, will be shown to be @ltor
the final reconstruction of the parameters of ihe-kpace
structure.

In order to get assessments about the influencieof
MLS and capping parameters on the reconstructisnlts
we applied the Monte Carlo method. That means, we
generate stochastic capping layer/MLS models shahthe
layer widths are normally distributed independemtiables.
Based on these models, we ran our reconstructgoritim
for the geometric parameters of the line-spacecttra.
Finally, we got the distributions of the sought fijeo
parameters in dependence on the capping layer/MLS
models. The nominal thickness values for the cappin
layer/MLS were determined independently by evatratf

right field reflectance measurements [15].

We have examined the noise levels given in thd firs
umn of Table 1. Different perturbations for thelths of

contribution toE, are normally distributed (Gaussian) with the capping layers resp. the widths in the MLS valio

zero mean and standard deviation given in equ&8jpn

u, = \/ (a [E, )2 + (bg J 3)

Then,one identifies the uncertainties of the input daith

separate the impacts of these components. For cfatite
given fluctuations, the standard deviations of riélative x-
coordinates of the corner points p2 and p7 as agethat of
the height p6 were calculated. Furthermore the dstah
deviations of the SWA and of the horizontal linadthis in
the middle of the height of the absorber line, ¢atikd as

u,. The first termalE, represents a linearly dependentcpy  were calculated. These parameters are easy to

noise with a constant facta (e.g. a= 001). The second
term accounts for a background noise independerthef
measured efficiencies or phase shifts (typical eatib, is

107°, i.e., by = 0.001 %).

In [14] we compare the results obtained frorMente

calculate from the reconstructed profile paramep&sp?,
and p6. Additionally, the impact of an offset of¢45or the
capping layers relative to their nominal values hagn
studied and the results are given in the last tewosrof
Table 1.

For all results presented in Table 1, we have uked
medium-sized measurement data set indicated as 282m-

Carlo procedure to the estimations gained from theng composed of 25 efficiencies including the diffion

approximate covariance matrix of the profile partre
close to the optimal solution. The numerical exaspin
this study use EUV line-space structures which \agy
similar to those schematically shown in Fig. 2. Rk
parameters investigated and reconstructed with lateul
measurement data and even for suitable data séhs awi

orders from -4 to +4 resp. -4 to +2 at wave lengblis
13.4nm, 13.7nm, and 13.9nm. The mask field inspebie
the EUV light had a nominal line width of 140 nmdaa
period of 420 nm corresponding to a line to spati rof
1:2. The reconstructed profile parameters for #ference
values are given in Table 2, and the standard tem&min

moderately reduced number of measurement values, thaple 1 are those of the fluctuation around theserence

relative uncertainties have been found to be sm#iken 2
%. Of course, these results are valid under thenagsson,
that the uncertainties resulting from the inaccigsdn the

values.
It is striking to note that for all examined peliations
the standard deviation of the height p6 of the diesdine is

geometric modelling of the line-space structure argignjficantly smaller than the deviations for therrer
neglected respectively are much smaller than thggints. This was to be expected due to the higbesitvity

uncertainties of the measured efficiencies or plesés,
ranging from 1 to 3 % in the numerical examples.

of the height p6 with respect to the reflected wavades.
We have observed a similar trend for the standawittions
in dependence on different noise levels of the meas
efficiencies (cf. [14]).
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As a consequence of the larger deviations in théottom and the top of the line-space structure show
horizontal X-coordinates, the standard deviatioos the significantly increased variations. Even for the afiest
SWA are relatively large and always greater thas’.1. presumed perturbation (capping layer thicknessugeet! by
Furthermore it can be observed that, for perturbldS 1% and MLS layers by 0.1%), the standard deviabibthe
widths smaller than 0.5%, the horizontal widthte middle  side-wall angle is greater than 4.®n the other hand, we
of the height (CDm) has relatively small deviationshave observed that the height of the line-spacetstre and
indicating a stable value. In other words, the nstauction its mean CD are relatively stable with respect® $tudied
of CDm is just as stable as that of p6. model based uncertainties. Furthermore, our exdmmsa

An offset of 5% for the widths of capping layer$. (ast have revealed a strong correlation between théribgses
two rows of Table 1) does not affect significantlye of the capping layers, e.g. the Sif@yer, and the side-wall
standard deviations of the reconstructed parameterangle.

However, a systematic shift of the reconstructed ASW

appears. In fact, the SWA increases significaritthe SiQ ACKNOWLEDGMENTS
and Si capping layers are presumed to be thinraar the
corresponding reference values of 1.234 nm and6®&n, The investigations are part of the project CDuR32

measured by reflectometry in open MLS test str@stur funded by the Federal Ministry of Education anddesh.
without absorber lines. The mean side-wall angtzeases

to 87.8 compared with 85%for the reference thickness REFERENCES
values. The SWA angle measured by atomic force
microscopy is between 86.9° and 87.6°. [1] B.K. Minhas. et al, "Ellipsometric scatterometrfor
metrology of sub-0.1um-linewidth structures”, ApPiptics,
Table 1. Monte Carlo results for perturbed cappaygr/MLS 37, No. 22, pp. 5112-5115, 1998.
models: Applied to reconstruction of a measured EhAsk [2] C.J. Raymond et al., "Multiparameter grating roktgy
(period 420 nm, line to space ratio 1:2). using optical scatterometry", J.Vac.Sci.Technt®.,(2), pp.

361-368, 1997.
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the detector-noise related uncertainties. Furthezmat
induces systematic shifts of the results as distubere for
the capping layer thickness and SWA. The CD for the
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