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EUYV mask feature reconstruction via phase retrieval
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2Optics Research Group, Department of Imaging Physics, Faculty of Applied Sciences, Delft
University of Technology, P.O. Box 5046, 2600GA Delft, The Netherlands
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ABSTRACT

EUV lithography is the main candidate for patterning of future technology nodes. Its successful implementation
depends on many aspects, among which the availability of actinic mask metrology tools able to inspect the
patterned absorber in order to control and monitor the lithographic process. In this work, we perform a simulation
study to assess the performance of coherent diffractive imaging (CDI) and related phase retrieval methods for
the reconstruction of non-trivially shaped and a—periodic nanostructures from far field intensity data.
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1. INTRODUCTION

Moore’s law,! the prediction that the number of transistor per chip in an integrated circuit doubles every two
year, has guided and driven the technological trends and goals of the semiconductor industry since 1965. The
aggressive shrinking of electronic devices and components has been a driving force for important technological
changes in the lithographic industry. This includes wavelength shrinkage from 436 nm to 193 nm and the
introduction of immersion lithography.?? The patterning of future technology nodes requires a further demand
in terms of technological development. Extreme ultraviolet lithography is a promising candidate for patterning
of sub-10 nm nodes, but its readiness for high volume manufactoring (HVM) relies on the availability of solutions
to numerous challenges.* Mask metrology represents one of the challenges of EUV lithography. Owing to the
high number of atomic resonances in the EUV wavelength region, the optics needs to be reflective. As the result,
the usually transmissive lithographic mask is replaced by a Mo/Si multilayer coated reflective mask. The mask is
vulnerable to irregularities or defects, such as bumps or pits on the multilayer, that need to be captured during
an inspection step, and possibly be avoided or repaired, in order for them not to be printed on wafer. This
makes EUV mask inspection and metrology tools essential. As some of the defects are visible only using EUV
radiation, the actinic investigation is especially important.® Owing to the lack of optics in the EUV portion of
the electromagnetic spectrum, lensless imaging via coherent diffractive imaging (CDI) methods is particularly
attractive. In CDI, a beam illuminates an object and the scattered light is recorded at the far field. The far
field intensity data is then computationally processed to retrieve an image of the scatterer by solving the related
phase retrieval problem.® This in principle enables aberration—free diffraction-limited imaging.

Retrieving the phase of a scattered wave is a nonlinear, inverse and ill-posed problem. This implies, among
other aspects, that there might no be a unique solution to it, or that it might not be easy to find a good
solution algorithmically. The challenging mathematical aspects of phase retrieval have stimulated research in the
development of methods and algorithms for robust phase retrieval.” '° Nevertheless, the most widely employed
algorithms are iterative projection methods, in which the guessed wavefront is propagated back and forth among
real and Fourier space and constraints in both spaces are employed to guide the estimated phase function towards
the true solution.'™'* Proper sampling of the intensity patterns that are to be processed by the algorithms
requires the object to be isolated and this in turn limits the applicability of single intensity iterative phase
retrieval methods to isolated samples.!®

A phase retrieval method that removes this limitation is ptychography.'® The ptychographic method employs
a scanning probe that illuminates an object at overlapping positions. By introducing translation diversity and
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redundancy in the data, ptychography solves an overdetermined set of equations to achieve a wide field of view,
high resolution reconstruction of the scattering object. In ptychography light—matter interaction is modeled via
a transmission function approach: given a certain illumination function P(r) and a certain scattering object
O(r), the exit wave at a plane placed just afterwards the object is given by v = P(r — R)O(r). Because the
illumination itself acts as a support,!” proper sampling of the intensity patterns is guaranteed and one can
retrieve the phase of the transmission function that describes the object without the need for the object to
be isolated. Interestingly, the 2-D multiplicative approximation at the core of the ptychographic method has
been found to hold also for objects whose thickness is a multiple of the wavelength,'® where light confinement
and diffraction through the thickness of the material play a role in image formation.!? Ptychography has been
recently employed in the context of actinic mask inspection.!8:20:21

In this work, we perform a simulation study and we show how single intensity projection—based algorithms -
the hybrid input-output (HIO)® and the relaxed averaged alternating reflections (RAAR)!? - and ptychography
can be employed to reconstruct the layout of EUV structures on the mask. We use the FEM package JCMSuite??
and an ASML in—house developed integral Maxwell solver for the generation of far field intensity data.

2. THE METHODS

Phase retrieval methods aim to reconstruct the phase of a certain object, described by the function f(r) =
|f(r)]e’*®) from far field diffraction data, which is related to the object by a Fourier transform F(u) =
|F(u)]e’* ™. As only the intensity of the Fourier transform, |F(u)|?, can be recorded all the phase information
of the scattererd field is lost. Different methods, iterative or direct, are available to reconstruct such phase. In
what follows we outline the steps of the algorithms we have used.

2.1 Hybrid input output (HIO)

The hybrid input output algorithm,® makes use of constraints in conjugated planes to drive the reconstruction.
The recorded field amplitude |F'(u)| is used as a constraint in the Fourier space, while the extension of the object
in real space, so called support, is used as a constraint in real space. Information about the dimension of the
object in real space is available even without any prior information, as it can be computed by an inverse Fourier
of the recorded intensity.?® The algorithm proceeds by iterated projections among the Fourier and real space.

At the k-th iteration:
1. Given the current estimate of the object fi(r)
2. We Fourier transform f;(r) to get the estimated diffraction field Fy(u)

3. The current guessed Fourier amplitudes |F(u)| are replaced by the measured ones, |F'(u)|, while the phase
of the current iterate is retained to get an updated diffracted field F’(u)
4. The current Fourier estimate is propagated to the real space by means of an inverse Fourier transform
f/(r), and
5. The support constraint, S, is used to get to a revised estimation of the object:
fi(r) ifres
frpr(x)=<"F , .
fu(r) — Bfl(r) otherwise

In (1) S is defined so to include also the points in which the imaginary part of the object is positive.'4

2.2 Relaxed Averaged Alternating Reflections (RAAR)

The RAAR algorithm tries to approach the global solution of the phase problem by projecting the current
solution to a closed set which is twice as far. This is done introducing the reflector operator R = I+ 2(P — 1),
where I is the identity operator and P is the projection operator.'3 24

Step 5 in the HIO is then replaced by:

fraa(r) = {f,g(r) ifres

Bfe(r) — (1 —28)fi(r) otherwise



2.3 Ptychography

In ptychography, a set of computed far—field diffraction patterns is processed by certain algorithms to get to an
image via phase retrieval. In this work we have used the ptychographical iterative engine (PIE). At the n—th
iteration:

1. Given the guessed object Oy,

2. Multiply the current guessed object by the illumination function at position R to get the guessed exit wave

at the current position
Ygn(r, R) = P(r — R)Og n(r) (3)

3. Fourier transform the exit wave v, (7, R) to get ¥, ,(k, R) = F[py n(r, R)] = [V, ,,|e?0a.n (- F)
4. Enforce the measured amplitudes at the far—field on the current far—field guess, to get a corrected guess:
V., (k,R) = |W|efon kR (4)
5. Inverse Fourier transform to get a revised exit wave:
Yen(r,R) = F U, n(k, R)] (5)

6. Update the transmission function of the object in the area covered by the probe by

|P(r — R)| P*(r — R) , B -
g,n |Pmaw("" _ R)l (‘P*(’P _ R>|2 +a)/8(1/)6,n( vR) 7/}9771( 7R)) (6)

Where a prevents division by zero and 3 is an appropriately chosen feedback parameter

Ogmi1 =0

7. Move the probe to the next position R so that there is sufficiently overlap

8. Repeat 2 to 7 for a sufficient number of iterations

3. NUMERICAL RESULTS
3.1 Single intensity phase retrieval

In the simulation study that follows we employ the methods described above to retrieve the phase of nontrivially
shaped isolated nanostructures. The x—polarized EUV radiation illuminates a Mo/Si multilayer coated reflective
mask, with a patterned absorber profile on top of it. The angle of incidence is 6°, for which the multilayer is in
resonance, giving a reflectance of 60-70% We replace the multilayer with an equivalent substrate that offers, for
the given wavelength and angles of incidence, approximately the same reflectance. The incoming light field is a
gaussian beam, represented in Figs. 1(a,b), with a 30 diameter of about 2um and radiating 5el11 photons/sec.
The detection NA is 0.6. The computational domain, of about 160 x 160 x 90nm? is truncated on all sides by
the perfectly matched layers and the far field data is sampled so to guarantee an aboundant oversampling ratio
(> 10). The materials used for the simulations are reported in Table 1. Computations are performed using the
rigorous forward Maxwell solver JCMsuite. At the k—th iteration, an error metric is used to monitor the phase

reconstruction:% 14 s
- (zrﬁs 7i(r) > / -
C \Xres ()P
Table 3. Layers thicknesses and material properties at A = 13.5 nm

layer thickness [nm] n k

ARC TaBO 2 0.952 0.026
Absorber TaBN 58 0.95 0.031

Ru 0.5 0.88586 0.01727

Ru (Capping layer) | 2 0.88586 0.01727

Si 1.8968 0.99888 0.00183
MoSi2 0.7986 0.96908 0.00435

Mo 2.496 0.92347 0.00649
MoSi2 1.8908 0.96908 0.00435
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Figure 1. Probe used for the computational experiment. (a) full probe and (b) cross section)

We considered structures of increasing complexity. Figure (1) reports the results for an I-shaped structure,
Figure (2) the ones for an L-shaped structure while in Figure (3) we considered a U-shaped structure. The pixel

size in the real space has been computed by the theoretical limit dx = ﬁ ~ 1lnm.
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Figure 2. Reconstruction — magnitude — for an I-shaped nanostructure.(a) theoretical object obtained by direction inver-
sion of computed far—field; (b) reconstructed object; (c) far field intensities; (d)cross—section, along the white line in (a),
of the theoretical and the reconstructed object and (e)error
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Figure 3. Reconstruction — magnitude — for an L-shaped nanostructure. (a) theoretical object; (b) reconstructed object
and (c) error
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Figure 4. Reconstruction —magnitude — for an U—shaped nanostructure. (a) theoretical object; (b) reconstructed object;
(c) support used for the reconstruction; (d) cross—section, along the line in (a), of the theoretical and the reconstructed
object and (e) error

The images in Figs. 2—4 have been obtained by aligning and averaging 4 good reconstructions. The feedback
parameter § was heuristically set to 0.86. We have added noise for a SNR = 90 dB. The cross sections in Figs.
2 and 3 (d) reveal that the phase retrieval reconstruction mimics closely, albeit with some imperfections, the
theoretical object. The retrieval of the I and L—shaped structures did not require any prior information about
the shape of the object and a satisfactory retrieval of the phase has been obtained using a loose square support
of a certain amount of pixel. Reconstructing the U-shaped structure was more involved and we used prior
information about the object, which is generally available in lithography, to generate a suitable support. In this
case this was done by finding the edges of Fig 4(a) and filling them with ones. This support is depicted in Fig

4(c).
3.2 Ptychography

In what follows we describe the simulation results we had for actinic (A = 13.5 nm) inspection of EUV mask
layout. To generate the data for the numerical ptychographic experiment we have used a volume—-integral Maxwell
Solver, developed in—house at ASML. The solver is formulated for the problem of scattering from periodic objects
hence, in order to avoid cross—talk among adjacent cells, we have opted for a super—cell approach. The cell size
is A = 3.5um. The sampling in the far field and in the illuminating NA equals QT” The probe is described by its
angular spectrum and the plane waves which compose the illumination are evaluated one at a time in parallel on
a multicore HPC cluster. The output of the probe is then given by the coherent superposition of the separated
contributions. The shifts are performed shifting the object of 0.2 um inside the supercell. The probe is polarized
in the x direction by proper linear combination of s and p polarization states.

Although the sample is very complex, with a thickness of the structures which is about 5-6 times the
wavelength, and although the data has been generated by rigorously solving Maxwell” s equations in a reflective
setting, the scalar ptychographic transmission function approach has been found to be sufficient to properly
reconstruct the layout of the EUV absorber (Fig.5).
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Figure 5. (a)Ptychographic reconstruction — magnitude — of an ensemble of nanostructures. (b)Phase of the reconstruction.
(¢) Zoom of (a)

Some of the distances among structures are of the order of the wavelength and they appear quite resolved in
the final image 5(a—c).

4. CONCLUSIONS

Mask metrology and inspection tools are essential for the successful implementation of EUV lithography. The
lack of optics for EUV radiation makes lensless imaging a natural candidate for the purpose. In this work, we
have studied, by means of rigorous simulations, the performance of single intensity phase retrieval algorithms and
ptychography for the imaging of EUV patterned absorber layouts. The results show satisfactory reconstructions
of isolated nontrivially shaped nanostructures and also of ensembles of nanostructures. The study demonstrates
the potentiality of CDI methods for the inspection of EUV masks.
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