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Abstract. We developed an extreme ultraviolet (EUV) scatterometer equipped with a table-top EUV source for
the characterization of nanoscale grating lines. Appropriate orders of high-harmonic generation at wavelengths
ranging from 25 to 35 nm are selected as the coherent light source for high-resolution spatial performance. It is
shown that the grating surface profile significantly affects the scattered diffraction intensities and can be retrieved
by the structure reconstruction algorithms using inverse modeling by rigorous coupled wave analysis. © The Authors.
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1 Introduction

Scatterometry is an optical metrology technique designed for
analyzing the changes of light intensity in a device. This
technique is widely used for the wafer metrology of nano-
structured surfaces in the semiconductor industry. There are
two conventional scatterometric approaches: angle-resolved
and specular spectroscopic scatterometer." Angle-resolved
scatterometry involves single-wavelength readings at various
angles, which has several moving parts and therefore
requires careful adjustment and alignment of the compo-
nents. The scatterometers used in the semiconductor industry
are typically specular spectroscopic systems, which work at a
fixed angle of incidence but in broadband wavelengths range
in the visible or UV, and measure only the zeroth-order dif-
fraction. The complex refractive indices of the structure and
substrate materials have to be known over a broad wave-
length range, which becomes a difficulty of many material
applications in advanced process. In contrast to variable-
angle and specular spectroscopic scatterometries, the pro-
posed extreme ultraviolet (EUV) scatterometer is designed
to measure the intensity of nonzeroth-order diffraction at a
fixed incident angle and at multiple laser-like wavelengths.
The short wavelengths of EUV, which give rise of several dif-
fraction orders of scattering from nanoscale grating features,
will increase measurement sensitivity and allows accurate
extraction of topographic profile information from periodic
structures with dimensions smaller than submicrons.>*
Scatterometry is a model-based approach that involves
comparing light-scattering measurements against theoretical
“signature” scatter patterns. In the forward problem, a theo-
retical model uses a rigorous grating theory to determine
a series of diffraction efficiencies that correspond to discrete
iterations of various grating parameters. The inverse problem
is solved by the analysis of the measured diffraction
efficiency signatures when finding the best match to the pre-
generated library data. We extend earlier scatterometry work

*Address all correspondence to: Yi-Sha Ku, E-mail: yku@itri.org.tw
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by employing nonzeroth-order diffracted light and polychro-
matic wavelengths of high-harmonic generation (HHG)
in the EUV range for increasing the measurement sensitivities
on grating parameters. High-harmonic (HH) emission con-
sisting of a few harmonic orders, namely 15 to 50 nm,
was selected to illuminate periodic structures for diffractive
imaging. It was shown that it is feasible to characterize the
periodic structures for critical dimension (CD) and other pro-
file properties by means of rigorous numerical modeling.>*

In this study, we demonstrate the most straightforward
geometrical setup by simply illuminating the sample along
an incidence angle of 45 deg, an approach of reflection
mode EUV scatterometer. Our previous system, which
fixed the distance between the grating and the CCD sensor
at 157.4 mm, imposed the large diffraction angles of both of
the m = £1 beams diffracted from grating sample with high
density of 7200 lines/mm needs to be measured separately
by rotating the sample to the appropriate incident angles to fit
in the CCD window.” However, herein, we have modified the
previous system by placing a vacuum compatible CCD cam-
era inside the scatterometer chamber. A microscopic trans-
lation stage, for mounting the CCD, was designed to adjust
the distance between the grating target and the CCD detector
in a range of 25.0 to 40.5 mm. This allows both the m = +1
and —1 diffracted beams to be directly and simultaneously
collected by the CCD camera with maximal spatial resolu-
tion. The intensity distribution of the far-field diffraction pat-
tern can be corrected through a coordinate transformation, in
which the propagation distance of each harmonic from the
sample to detector planes is equal. The corrected diffraction
intensity also allows the accurate extraction of topographic
profile information. The comparison with CD measurements
using a cross-sectional scanning electron microscope (SEM)
showed a good correlation of the results.

2 Samples and Instrumentation

2.1 Sample Details

The sample consists of a rectangular reflection grating with
a density of approximately 7200 lines/mm, a nominal

Jan-Mar 2018 « Vol. 17(1)


https://doi.org/10.1117/1.JMM.17.1.014001
https://doi.org/10.1117/1.JMM.17.1.014001
https://doi.org/10.1117/1.JMM.17.1.014001
https://doi.org/10.1117/1.JMM.17.1.014001
https://doi.org/10.1117/1.JMM.17.1.014001
https://doi.org/10.1117/1.JMM.17.1.014001
mailto:yku@itri.org.tw
mailto:yku@itri.org.tw
mailto:yku@itri.org.tw

Ku et al.: Development of extreme ultraviolet scatterometer using multiple orders. ..

groove depth of 50 nm, and etched by a single-crystal silicon
substrate. A square of size 12.5 mm was used for study.

2.2 HHG Source

High-order harmonics are generated by focusing a single-unit
integrated femtosecond (fs) laser (Pharos, Light-Conversion)
beam into an argon-filled gas cell.® A solid-state laser diode
was used for pumping an Yb medium. This provides a 170-fs
pulse duration, 1.5 mJ of pulse energy, 6 W of average
power, and a 4 kHz repetition rate at the central wavelength
of 1030 nm. The EUYV radiation emission consists of distinct
spectral components given by odd high-order harmonics of
the fundamental frequency and displays collimated laser-like
characteristics. The parallel polychromatic beam incident on
a grating disperses the light where each wavelength in the
input-beam spectrum is diffracted in a different direction.
This produces a spatially separated spectrum satisfying
the grating equation. Thus, the wavelengths of the high-
order harmonics generated and the accurate grating pitch
were confirmed by the spatial distributions captured by
the CCD camera. This is based on the known incident
angle and the sample-CCD distance. Previous research
showed that high-order harmonics can be tailored and con-
fined to only a few orders, depending on the experimental
requirements, by an appropriate choice of gas species and
pressure, laser-focus position, the laser-beam intensity and
diameter, and the length of gas cell.”!°

2.3 Scatterometer Design

The design of the EUV scatterometer module is similar to the
system reported in a previous study.” The experimental
geometry is outlined in Fig. 1. The EUV scatterometer sys-
tem consists of a 20-cm lens for focusing incident light, an
Ar gas cell, three Al filters, a pair of Kirkpatrick—Baez (K-B)
mirrors, a grating-structure sample, and a back-illuminated
CCD camera. The argon-filled gas cell enables HHG in
the bright line region of 25 to 35 nm. Al filters, consisting
of three 200-nm-thick Al layers, were inserted to block
1030 nm pump light. The K-B mirror pairs focused on
the HH beam to spot sizes below 100 um. A closed-up of
the opened scatterometer chamber is shown in Fig. 2. The
reflection grating sample was placed around a 45 deg
angle of incidence near the focus of the EUV beam. The sam-
ple holder was mounted onto a piezoelectric x—y—z—6 stage,
with a range of +21 mm, a linear resolution of 1 nm, and

170fs 0.5mJ
1k Hz 1030 nm

Fig. 1 Schematic of the EUV scatterometer.
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Fig. 2 Closed-up of the opened EUV scatterometer chamber.

arotational resolution of 2 deg x10~*. A vacuum compatible
CCD camera (Andor DX420) with 1024 X 256 array and
pixel size 26 ym X 26 ym was placed on a longitudinal
translation stage with an adjustable distance of 25.0 to
40.5 mm away from the sample to capture the diffraction
pattern in an optimization condition, oriented with its surface
nearly normal to the zero-order diffraction of the beam. The
CCD camera recorded the diffraction and scattering intensity
images in a straightforward manner, without requiring any
intermediary imaging optics. The angular field-of-view in
the cross dispersion direction is determined by the width
of the CCD window and the distance to the sample.

3 Theoretical Model and Measurement Algorithm

3.1 Grating Equation for HHG Wavelengths
Calibration

The HHG output coupled EUV beam contains many super-
imposed harmonics. The nanoscale periodic geometrical
structures serve as an optical grating to separate the harmon-
ics onto the CCD camera. The position of the dispersed dif-
fraction spectra on the detector gives the wavelength through
the grating equation

+mi, = d[sin 0; + sin 0.,,(4,)], )

where m is an integer that specifies the order of diffraction,
A, = Ag/n is the wavelength of the n’th order of HHG, 4 is
the fundamental wavelength, d is the grating pitch, ; is the
angle of HH beam incidence onto the grating surface, and
6., are the diffracted angles corresponding to the set of dis-
crete HH wavelengths at diffraction orders £m. Positive and
negative orders of diffraction occurred on both sides of the
zero-order beam.

3.2 Theoretical Model of Grating-Diffraction
Response of HHG

We used rigorous coupled wave theory, one of the most ver-
satile and robust models used for computing diffraction
effects in mono- and multilayer gratings.'"'? It uses film
stack information (optical refractive indices and thickness
values) and the grating parameters (height and profile char-
acteristics) to theoretically predict diffraction from the mea-
sured structure. The complex refractive indices of the grating
structure and substrate materials in the EUV range are cal-
culated based on the Center for X-ray Optics database. A
staircase approximation for nonrectangular gratings graded
along the z-direction is used in RCWA to predict the grating
efficiency accurately for a wide variety of grating profiles
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over wide spectral ranges. The electromagnetic modes in
each layer are calculated and analytically propagated through
the layers. The distribution of the incident field power at a
given wavelength, diffracted by the grating sample into the
various orders, depends on many parameters. These param-
eters include the incident power, the incidence and diffrac-
tion angles, the refractive index of the grating material, and
the grating profile. The extraction of the latter can be viewed
as an optimization problem, yielding the best agreement
between theory and measurement, to enable three-dimen-
sional (3-D) structure profile reconstruction.

3.3 Diffraction Intensities Correction

Scattering geometries for nominal 45 deg incidence angles
are shown in Fig. 3. x is the detector array coordinates
and R is the distance from the sample to the center of the
detector. The intensities recorded on the flat detector were
distorted due to the nonequal distances of each harmonic
along their diffraction angles onto the flat detector.
Because the intensity falls off as 1/ r%, we rescale the mea-
sured diffraction intensity data by r?/R* to map the flat
detector coordinate back to the Ewald sphere, E. Here, r;
is the distance from the sample to a given pixel x; on the
detector.”> When written in terms of detector coordinates,
we have 1 + x?/R%. To summarize the intensity correction
steps, we start with the measured diffraction pattern intensity,
I(x;), in terms of the detector coordinates. We then perform
the intensity rescaling as

Ig(r;) = (1 —i—;—’i)l(x,-),

where I is now properly rescaled on the Ewald sphere and is
ready to be further integrated for library comparison.

3.4 Library Match Process

To solve the inverse problem, once the HHG wavelengths are
determined through the calibration process as discussed in
Sec. 3.1, a library of HHG scatter signatures spanning a
range of CD values, grating depths, and side-wall angles
is pregenerated as described in Sec. 3.2. This library is
then searched to find the best match to corrected measure-
ment data as interpreted in Sec. 3.3.

Fig. 3 Scattering geometries of EUV scatterometer. R is the normal
distance from the sample to the center of the detector. The experi-
mental diffraction pattern is a result of mapping HHG from the
Ewald sphere onto a flat detector.
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4 Results and Discussions

4.1 HHG Wavelengths Determination

Figure 4(a) outlines the geometrical arrangement of the gra-
ting sample and CCD detector. An etched silicon reflection
grating of density 7200 lines/mm and nominal depth 50 nm
was used for the test. The EUV beam was incident at a nomi-
nal angle 8; = 45.0 deg onto the grating surface. The dis-
tance between the grating and the CCD sensor was
adjusted at 27.0 mm, which is just about the optimal distance
allowing both of the m = +1 diffraction beams to fit into the
CCD window simultaneously. The sample positioner was
equipped with a x—y—z—6 stage to move and rotate the sample
into the EUV beam focus. The beam focus was made to
coincide exactly with the axis of rotation. The upper section
of Fig. 4(b) shows the diffraction image, as viewed in the
CCD window, which allows the m = +1 diffraction inten-
sities to be acquired simultaneously. The CCD exposure
time was 30 s. The lower panel plots the total CCD counts
and summed vertically along each column of pixels. Four of
the wavelengths corresponding to the orders of n = 33rd,
35th, 37th, and 39th HHG can be derived from the same gra-
ting equation, according to the discrete diffracted angles of
0 +1 and 6_ 1-

Table 1 shows the calculated HHG orders and wave-
lengths based on the grating equation [Eq. (1)]. Some param-
eters such as the fundamental wavelength /,, incident angle
0;, grating pitch d, and sample-to-CCD distance R are
common to the whole set of four independent grating
equations.

The diffraction angles were calculated from arctangent of
|x; — x| /R, where |x; — x| is the distance between the dif-
fraction peaks (m = *1) and the CCD center. Thanks to
many distinct harmonic orders, the greater the number of in-
dependent grating equations, the more parameters can be fit-
ted. Thus, the fundamental wavelength, incident angle, and
sample-to-CCD distance are confirmed to be 1027 nm,
41.87 deg, and 26.88 mm, respectively. This minimizes
the fitting errors on the HHG orders and wavelengths.

4.2 Library Generation and Matching Process

The HHG wavelengths of 31.12, 29.34, 27.76, and
26.33 nm, which correspond to the harmonics order of
33rd, 35th, 37th, and 39th, respectively, have been deter-
mined by fitting the grating equations with their well-sepa-
rated positions of m = £1 diffraction beams. Those four
HHG wavelengths are separately used to model each individ-
ual characteristic signature of diffraction efficiencies for
varying grating CDs, depths, and side-wall angles, respec-
tively. We create full range libraries (CD ranges from 60.0
to 80.0 nm in an increment step of 0.1 nm, depth from
40.0 to 60.0 nm in an increment step of 0.1 nm, side-wall
angle from 85.00 deg to 90.00 deg in a step of 0.01 deg)
to be searched and find the best match to the measured
data. The approach to include more harmonics for library
generation and matching substantially enhance the measure-
ment accuracy and ensures that the solution of the complex
parameters is unique. The parameters correlation issues can
be minimized as well.

We rescale the measured diffraction intensity data by 1 +
x?/R? to map the flat detector coordinate back to the Ewald
sphere, as discussed in Sec. 3.3. The most accurate
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Fig. 4 (a) Schematic diagram of the geometrical arrangement of the EUV scatterometry experiment.
(b) Measured diffraction image spectrum from an etched silicon reflection grating with a density of
7200 lines/mm together with the best fitting results (red dots) using the laser and geometry parameters
listed in Tables 1 and 2. The upper section is the diffraction image, as viewed in the CCD window. The
lower panel plots the total CCD counts summed vertically along each column of 1024 pixels.

Table 1 HHG orders and wavelength calibration.

Incident HH Diff. angle (deg)

angle Pitch HH
Zo (nm)  (deg) (L/mm) R(mm) order ;(nm) m=-1 m=+1
1027 41.87 7200 26.88 33rd 31.12 -63.04 -26.31
35th 29.34 -61.46 -27.13
37th 27.76 -60.12 -27.87
39th 26.33 -58.96 -28.53

measurements of diffraction intensities require many counts
under the peaks. The intensity counts are integrated over a
small angular range and an estimated background, which is
2% of the integrated counts, is subtracted from the enclosed
area. To eliminate pulse-to-pulse laser-intensity fluctuations,
which can in turn cause HHG peak intensity fluctuations, the

Table 2 7200 lines/mm etched silicon grating match results.

HH Exp. intensity Exp. ratio Theo. ratio %

ratio of first-order (m = +1 to m = —1) reflectivity is calcu-
lated and used for library matching. Table 2 lists the detailed
counts under each HHG diffraction peak and the best-match
results between the measurement and modeling. A metric of
percentage variation allows a comparison of the theoretical
and measured diffraction efficiencies in individual orders of
HHG. Figure 5(a) shows the reconstructed grating profile
based on the parameters including the top CD, bottom
CD, and grating depth generated to obtain the best match.
The model fit for a top CD of 68.5 nm, a bottom CD of
75.0 nm, and a grating depth of 50.0 nm shows satisfactory
agreement with the cross-sectional SEM result provided by
the grating manufacturer (LightSmyth) as shown in Fig. 5(b).
An argument about our current model calculated a series of
diffraction efficiencies that correspond to discrete iterations
of various grating parameters in a 0.1-nm step, which might
not as precise as the cross-sectional SEM shown with 0.01-
nm accuracy. However, it is important to note that it would be
a good tool for nondestructive characterization, which the
SEM cannot offer, and in particular, for inline process con-
trol of fabrication.

5 Summary

We developed an EUV scatterometer equipped with a labo-
ratory HHG EUYV source for serving as a stand-alone met-
rology tool. We redesigned the previous scatterometer
module by optimizing the adjustable distance of sample to

grger A(m) m=-1 m=41 (=1/+1) (=1/+1) variation detector to give rise to more diffraction orders of scattering
from nanoscale structures. This allows both the m = 41 and
33rd  31.12 1,009,198 683,592  1.48 4.25 —0.65 —1 diffracted beams to be directly and simultaneously col-
lected by the CCD camera with maximal spatial resolution.
35th 29.34 1,922,189 2,087,900  0.92 1.33 -0.31 We rescale the measured diffraction intensity data by
1 +x?/R? to map the flat detector coordinate back to the
37th 27.76 1,307,548 2,729,359  0.48 0.46 0.05 Ewald sphere in which keeps the propagation distance of
wald sp P propag
30th 26.33 339,611 965103  0.35 0.46 0.23 each harmonic from sample to the detector planes uniformly
equal. One advantage of using the ratios of the m = +1 and
J. Micro/Nanolith. MEMS MOEMS 014001-4 Jan-Mar 2018 « Vol. 17(1)
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Fig.5 (a) Reconstructed grating profile based on the best-match results for parameters including top CD,
bottom CD, and grating depth. (b) Cross-sectional SEM image.

—1 diffracted intensities of each harmonics for matching
analysis is that any changes in the grating target parameters
due to EUV source fluctuations essentially cancel out. This
contributes toward the potential robustness of the electro-
magnetic modeling-based metrology approach. The above
innovative approach involves the accurate extraction of gra-
ting profile by finding the best match between the corrected
experimental data and predetermined theoretical results
stored in a library.

Although the current test sample is a 140-nm pitch, 72-nm
wide grating structure (smallest current sample grating width
available for purchasing) and fits to a simple single trapezoid
model, this might be characterized with a conventional OCD
tool. Considering the substantial challenges of future appli-
cations due to decreasing dimensions and complex 3-D
structures (FinFET, Nanowire, etc.) employing higher
order harmonics at nonzeroth orders opens up a potential
metrology solution to complement conventional scatterom-
eters. In the near future, we plan to integrate an optical
microscope module for viewing and identifying the region
to be examined so that any pattern position on the specimen,
even just a few microns, can be easily found. A large field-of-
view CCD camera, offering two times wider imaging area
comparing to our current one will be used for small pitch
structure applications. We will refine our current profile
model by introducing a varying complex refractive index
for material applications. Other parameters, such as round
corners, linewidth and line-edge roughness, and local varia-
tions in the period structures, will be considered. We will
optimize the library search method to reduce the matching
time. The presented data form a preliminary set of results,
and a more detailed uncertainty analysis will be performed
in the future.
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