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Abstract

The semiconductor industry is continuously pushing the limits of photolithography, with feature
sizes now under 10 nm. In order to ensure quality, it has become necessary to look beyond
the conventional metrological techniques. X-ray scattering has emerged as a possible contender to
determine the average shape of a line grating with a sub-nanometer precision. However, to fulfill its
promise, faster algorithms must also be developed to interpret and extract metrics from reciprocal
space scattering data. In this paper, we are presenting a novel, fast, and accurate X-ray technique
and analysis algorithm: critical dimension grazing incidence X-ray scattering, CD-GISAXS. The
CD-GISAXS technique operates in grazing incidence configuration with a continuous azimuthal
rotation of the sample, thus does not require high-energy X-rays to penetrate the wafer and greatly
reduces the data acquisition times, permitting analysis within the framework of the Distorted-Wave

Born Approximation (DWBA).

I. INTRODUCTION

Lithographically manufactured nanostructures continue to shrink in size in a struggle to
keep pace with Moore’s Law. The semiconductor industry is exploring new metrology tech-
niques capable of meeting the future requirement to characterize three-dimensional structure
with sub-10 nm critical dimensions. Direct imaging techniques such as Scanning Electron
Microscopy (SEM) and Scanning Force Microscopy (SFM), and indirect imaging techniques
such as X-ray Optical Critical Dimension (OCD) scatterometry have been the state of the
art when it comes to characterization of these structures [1-4]. All these approaches propose
a way to probe nano-objects in depth, but are either approaching their resolution limits or
are too slow for in-line measurements.

Therefore, the semiconductor industry is looking to supplement the metrology techniques.
Several promising alternatives were listed in the International Technology Roadmap for
Semiconductors (ITRS) [5]. One of them is the X-ray scattering technique. Combined
with the advent of high brightness sources, faster detectors, and advances in mathematical

treatment of scattering data, there is a real possibility for combining fast X-ray acquisition
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with high-speed data treatment in order to reach the timescales required for an effective in-
line characterization method. One of the pioneering techniques, called Critical-Dimension
Small Angle X-ray Scattering (CD-SAXS), has been developed at the National Institute of
Standards and Technology (NIST) over the last few years and has demonstrated the ability
of X-ray scattering to reconstruct line profiles with sub-nanometer resolution [6, 7]. CD-
SAXS is a variable-angle transmission scattering measurement where the sample is rotated
to probe the vertical profile. The recent success of the use of iterative algorithms on CD-
SAXS data, more precisely a genetic algorithm coupled with a Monte-Carlo Markov-Chain
(MCMC) approach, have led to a precise reconstruction of the line profile’s depth from a
stack of trapezoids [8, 9]. The approach has been extended to the study of polymer gratings
and line edge roughness [10-12].

Conducting such measurements in a transmission configuration imposes stringent re-
quirements of high-energy and high-flux in order for the X-rays to penetrate through silicon
wafers, presenting a limitation of CD-SAXS. It is a tough condition to meet, sometimes even
for the modern state-of-the-art in-line sources. The attenuation through silicon substrates
can force the need for longer exposure times. However, applying this technique in combina-
tion with the use of reflection or “Grazing Incidence” geometry can overcome this limitation

of traditional CD-SAXS; we will present such a combined approach here.

Grazing Incidence Small Angle X-ray Scattering (GISAXS) is mostly used for the charac-
terization of thin film morphologies, but has been recently used to approximate the profile of
polymer line gratings [13]. A precise alignment of the lines in the direction of the incoming
beam is required to record a semicircle of spots, which are laid out as the intersection of the
Ewald sphere with the Bragg rods from the gratings [14, 15]. This allows the pitch of the
gratings to be extracted from the position of the Bragg spots on the semicircle. In order
to reconstruct the whole line profile, several approaches were developed. The first axis of
development was the experimental one, aiming to collect more information from the line
profile. To do so, Hoffman et al. proposed to rotate the gratings along the normal of the
substrate to record the full Bragg rods [16]. Later on, Suh et al. proposed to record GISAXS
images at several incident angles to probe the form factor of the line profile across different
regions of reciprocal space [13]. In parallel, development improving data analysis progressed.
Transmission scattering in grazing-incidence geometry, called GT-SAXS, were studied to get

rid of the complexity of the distorted-wave Born approximation (DWBA) formalism [17]. A
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FIG. 1: Grazing-incidence small angle X-ray scattering with the beam along z-axis and the

sample rotation along z-axis.

3D reconstruction of the line profile in the frame of DWBA was proposed by Soltwisch et
al. [18] by solving the Maxwell equations using finite elements. Most recently, Suh et al.

proposed a model to extract the roughness of line gratings with a combination of AFM and

GISAXS [13].

Here, we extend the GISAXS approach[16] proposed by Hoffman et al., with a continuous
rotation of the sample stage, to fit for the first time the form factor along several full Bragg
rods — a novel and more holistic approach. The robustness of the fit was thus improved by
increasing the number of experimental data points. The development of a genetic algorithm
led to the reconstruction of the line profile as a stack of trapezoids with sub-nanometer
resolution [19, 20]. The extracted line profile is then compared with cross-section TEM

results.

II. CD-GISAXS MEASUREMENTS

A. Sample preparation

CD-GISAXS measurements were done on a 300-mm wafer samples, provided by a leading
semiconductor manufacturer and exposed on an ASML 193 immersion tool. The lines are

made of resist with a nominal pitch of 87.6 nm. The patterned area is 10x20 mm?.
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B. Cross-section TEM

The focused ion beam (FIB) ez situ liftout procedure [21] was used to extract cross-
sectional specimens of the line patterns for characterization via scanning transmission elec-
tron microscopy (STEM). We used a Thermo Fischer Helios G4 operated by the National
Center for Electron Microscopy (NCEM) facility of the Molecular Foundry. First, a layer
of Pt was deposited with the electron beam onto the resist gratings in order to protect the
exposed resist from the Ga' ion beam. Then, a second thicker layer of Pt was deposited
using the ion beam. The resulting sample lamella was attached to a Cu grid for further
thinning to electron transparency using a 1 kV Ga™ beam to remove FIB damage. More im-
ages of the sample and liftout procedure are available in the Supplementary material. High
resolution images of the cross-sectioned sample were then acquired using NCEM’s Thermo
Fischer Themis 60-300 operated in STEM mode. The images were acquired using a high-
angle annular dark field detector, 300 kV accelerating voltage, 10 mrad convergence angle

and 15 pA of beam current.

C. CD-GISAXS

CD-GISAXS experiments were performed at beamline 8-ID-E of the Advanced Photon
Source. A Pilatus 1M was positioned at 2.19 m of the sample and the beamline energy
was set at 10.915 keV. The incident angle was set at 0.16 deg, between critical angles of
the silicon (0.165 degree) and the resist (0.12 degree). The 10x5 mm? etched pattern is
mounted on the center of rotation of the beamline spin-coater [22], such that the incoming
beam is incident on the plane of the etched lines at 0.16°. Samples were rotated about
the axis normal to the substrate as illustrated on figure 1. The footprint of the beam is
several centimeters, thus the whole etched area will illuminated during the measurement.
The wobbling effect introduced by the rotation of the spin-coater was quantified on the
beamline by comparing results between two x-ray reflectivity measurements of a polymer
thin film sample performed under static and rotation configurations. The results showed
a slight broadening of the Kiessig fringes, but the broadening effect on the FWHM was

contained to below 5%.

The Fourier rods coming from the gratings, also known as Bragg rods, intersect with the
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FIG. 2: a) CD-GISAXS images recorded with a rotation of the gratings under the beam
and b) the corresponding ¢, profiles obtained from 1D cuts along the Bragg rods.

momentum transfer vector of the elastic X-ray scattering at a single point above the horizon.
The Bragg rods can be scanned by rotating the momentum transfer vector, and therefore
the sample. The GISAXS image, shown in figure 2, was recorded with a 100 s acquisition
time with the sample rotating at 500 rpm during the acquisition. The experimental data
was remeshed into the reciprocal space, explaining the absence of data at ¢y = 0 nm™'. The
intensity of the recorded Bragg rods is modulated by the Fourier transform of the shape,
i.e. the form factor of the individual grating lines are visible with line-cuts along the Bragg
rods. Each profile is indexed and shown in figure 2b. Therefore, as for di-block co-polymers,
these modulations are providing in-depth information, and are more precisely coming from
the in-depth profile of the line [23]. Moreover, the full rotation of the sample, 360 degrees,
overcoming the need for precise alignment of the line with regards to the beam. In absence

of the aforementioned setup, a sub-degree alignment is needed for GISAXS measurements.

III. THEORY

In this section we will discuss the theoretical model used in simulation of the form-factor
and subsequent reconstruction of the line shapes. The Distorted Wave Born Approximation
(DWBA) is commonly used when it comes to modeling grazing incidence scattering events.

The sample is approximated as a ridge repeated at regular intervals in a 1-D lattice, so



scattering gets you the form-factor of the ridge sampled by the structure factor from the
lattice, and we observe the intersection of this with the idealized Ewald sphere projected
onto the plane of the detector, resulting in small spots arranged in a semicircle when the
ridges are parallel to the beam [13]. When the sample is rotated in-plane during the GISAXS
measurement these spots move along the z-azis, while staying stationary in the y-axis, in
reciprocal space. The final scattering image contains high intensity continuous vertical
lines. These lines are modulated by the form-factor. Assuming that line shape does not
vary significantly, we can simulate these vertical lines using DWBA. A similar pattern can
be achieved by continuously changing the angle of the incident beam, but this increases the
complexity of the algorithm, because the coordinate values are changing for every change in
the incident angle (1). The simulations for all the incident angles in the range need to be

in the detector coordinate system before they can be added and compared to the scattering

data.
G cos o cos B — cos o
27 )
@ (=% cosasin 6 (1)
q sin o + sin o
A. DWBA

DWBA extends the Born approximation to include both reflective and refractive events
to compute the scattering. Under the assumptions of stratified media, Maxwell’s electro-
magnetic equations can be reduced to Helmholtz’s equations. The resulting homogeneous
equations can be solved exactly using the Green’s function. Instead of deriving the DWBA,
we will refer the reader to these publications [24, 25] for a detailed discussion on the topic.
Similar to the Born approximation, where detector intensity is proportional to the abso-
lute squared value of the Fourier transform of the electron density of the scatterer, DWBA
stipulates that intensity is proportional to the absolute squared value of the summation
of four scattering events, see figure 3 and equation (2). There are software tools, such
as HipGISAXS, BornAgain, and IsGISAXS, etc, available to calculate GISAXS patterns
26, 27].
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FIG. 3: Four terms involved in the scattering in the frame of the DWBA. The first term
corresponds to the simple Born approximation. The higher order terms are reflecting the

impact events at the silicon substrate interface.
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where, C; is the Fresnel coefficient for a given medium with a complex refractive index n
and thickness ¢. Fj is the Fourier transforms of a shape with dimensions /. ¢ and ¢, have
their usual meaning. If the medium is air (or vacuum), i.e. 7 = 0, the calculation Fresnel

coefficients is simplified to:

C = [1,r(a),r(ad), r(a")r(a))",
k, — k.

r = =,
k, + k.

ke = —y/n2kE — |k |2

where 7, is complex refractive index of the substrate.

B. Simulation of the form-factor

If we assume that the etched line gratings are infinitely long, the mathematical problem
of resolving the shape of the gratings is reduced to a 2-D cross-section. The cross-section
of line gratings can be approximated by stacking multiple trapezoids. In order to simplify
the description of the line profile, the trapezoids’ heights, h, are kept identical for each
trapezoid. Moreover, each trapezoid is symmetric, with both of it side-wall angles equal.
Each trapezoid is therefore describe by a sidewall angle 3, a height h and a bottom width

L as illustrated in figure 4. The Fourier transform of each trapezoid can be expressed as:
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where m is the tangent of the sidewall angle. The Fourier transform of the tessellation is

given as:

N
F =) Fplhne (4)
n=0

where where F,, the Fourier transforms of the n-th trapezoid.

Since, the bottom linewidth of each trapezoid is calculated from the top linewidth of
the trapezoid under it, the tessellation of trapezoids can therefore be described with N + 2
parameters: the trapezoids’ heights, h; a side-wall angle per trapezoid; and the bottom
width of the trapezoid underneath.

As illustrated in Figure 4a, the line profile was modeled with N = 7, a reasonable com-
promise between the accuracy of the model and the computational time. The comparison
with the cross-section STEM shown in figure 4b reveals our model is realistically reproduc-
ing the overall line profile. In order to account for interfacial roughness, a Debye-Waller
(DW) factor was also given as initial parameter for the fitting procedure. Which brings the

number of initial paramters to 10 (9 for a stack of seven trapezoid and the DW factor).

C. Genetic algorithm

From the previous section, we can simulate the modulations recorded on the Bragg rods
in the context of the DWBA. From there, we apply a strategy similar to the one developed
by Hannon et al. for CD-SAXS [9].

The approach is based on a genetic and evolutionary algorithm, showing a good conver-
gence performance on large parameter spaces. These algorithms mimic biological evolution
using the model parameter sets as the encoding genetic information. Genetic algorithms
usually start with a population of candidate solutions. This population goes through mu-
tation by exchanging the parameters within the population. This is followed by selection.
Most suitable off-springs, resulting from the mutation are selected for the next generation.

The process is repeated until the desired goodness of fit is achieved. Several algorithms



were tested by Hannon et al. and the covariance matrix adaptation evolutionary strategy
(CMAES) was the best compromise between efficiency and reliability [9]. This approach is
intended to reduce the number of generations and therefore the convergence efficiency. In
our procedure, the population size is fixed to 100, significantly higher than the lower bound
optimal for 10 parameters. Such large population sizes are desired to improve the global
search properties and also the implementation of the parallelization of the strategy, which
is targeted in the future. A mutational rate of 10, meaning 10 individuals mixed in each
generation, is used in the determination of further evolutionary strategy.

With the CMAES approach, fitting 10 variable parameters converges in 120 seconds. The
best extracted profile is displayed in Figure 4a. The robustness of convergence was tested
by running the CMAES approach with several randomized initial model parameters; all

converged to the same profile.

IV. RESULTS AND DISCUSSION

The best line profile extracted by CD-GISAXS is presented in figure 4a, corresponding
to the fit presented in figure 2b. Each trapezoid height h is 5.1 nm, leading to an overall
line-height of 35.84 nm and the bottom linewidth wy is 49.8 nm. A cross-section TEM
measurement was done in order to get a direct image of the line profile and validate the

model extracted with CD-GISAXS.

= S s e e s L

(a) (b) ()

FIG. 4: a) The line profile determined by CD-GISAXS can be compared with b) the
annular dark field image extracted from cross-section STEM and c¢) a direct comparison

between the CD-GISAXS and 3 averaged cross-section STEM profiles.
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wo | b | Bo|Bi|B2|Bs|Bal|Bs|Be
nm |nm|deg|deg|deg|deg|deg|deg|deg

STEM  [50.2{5.1|48 | 74|93 |86 |82 |66 | 45

CD-GISAXS|49.8/5.1|48 | 74 | 84 | 87 |82 |81 | 34

TABLE I: Comparison of the parameters of the line profile determined by CD-GISAXS

and cross-section STEM.

The overall profiles extracted form CD-GISAXS and cross-section STEM present simi-
larities such as the presence of a footing (i.e., a wider width at the bottom of the line at
the substrate interface) and the presence of a rounding effect at the top of the line. Both
of these aspects of the line shape are common for the grating generated by e-beam lithogra-
phy [7]. However, although the overall profile extracted with CD-GISAXS is quite similar
with the STEM image, a closer inspection reveals some mismatches. These mismatches can
partly be attributed to our definition of the line profile. One of our first assumptions was
the symmetry of the trapezoids which seems to be incorrect w.r.t. STEM image. Moreover,
a stack of 7 trapezoids cannot describe such a smooth rounding effect at the top of the line.
However 7 trapezoids seems to be the limit at which increasing the number of trapezoids

did not improve the fit anymore and only lead to oversampling the line profile 6.

However, even if the cross-section STEM gave us a good estimate of the line profile, a
direct comparison between a single line profile and the profile averaged over several square
millimeters leads to another source of error. Indeed, the dispersion of the line profile, present
in the sample and illustrated on the cross-section SEM image in figure 5, will impact the
CD-GISAXS data, specifically the Yoneda area which is sensitive to the in-depth variation
of the electronic density gradient. Our current simulation of a mono-disperse line profile
led to two intense and sharp Yoneda peaks, characteristic of the electronic density of the
silicon substrate and the average density of the line grating. This is not representative of the
experimental data, which present a blurring of Yoneda peaks, characteristic of a dispersion
of the profile. Also, the two distinct Yoneda peaks in the experimental data are not observed
even in the static GISAXS, thus this is not a result of instability in the air bearing.

The counts in the Yoneda region may be under-reported. This can be due to the count

rate exceeding the linear counting regime of the Pilatus detector (< 10° counts/sec). The
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FIG. 5: The cross-section STEM image revealing dispersion on the line profile.

counters are reset after the threshold is reached. Silicon gratings, for all their imperfections,
produce very strong Bragg scattering, especially so in the Yoneda region. Such mismatch
between our model and the experimental data led us to crop/exclude the Yoneda area form
gy € [0,0.4] nm ', in order to allow the convergence of the fit, as illustrated on the figure
2b.

Nevertheless, even though the Yoneda area is not considered for the fit, the region 0.4 <
q <05 nm~! is still not satisfactorily reproduced. This is a residual contribution from
the Yoneda area. Therefore, to improve the fit, a dispersion of the line profile needs to be
added and is the target of our future work. At the same time, a Monte-Carlo Markov chain
algorithm is under development to provide an uncertainty quantification of the extracted

profile.

V. CONCLUSION

The reconstruction of the profile of line gratings was performed using small-angle X-ray
scattering under a grazing-incidence geometry. The consistency with cross section STEM
brings some confidence on the ability of the CD-GISAXS to recreate the line profile. Results
such as this open new perspectives to the X-ray scattering techniques to be used as a
metrology tool by the semiconductor industry. The main novelty brought by the reflection
geometry is the possibility to perform CD-GISAXS with every X-ray energy/wavelength.
Therefore, Cu K-a sources and compact X-ray sources operating below 15 keV — otherwise
irrelevant for traditional CD-SAXS since the transmission through the wafer is not sufficient
— can be used.

The short acquisition time of CD-GISAXS could potentially allow this technique to reach
a throughput targeted by the semiconductor industry, even if the beam footprint needs to

be reduced to be completely viable for such applications. Additional algorithms for the
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FIG. 6: Evolution of the goodness of fit with model complexity

line profile modeling need to be developed to introduce a dispersion of the line profile and

therefore a more realistic description of the sample.
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