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ABSTRACT
Fast and non-destructive non-imaging metrology of nanostructures is crucial for the development of inte-
grated circuits and for the corresponding in-situ metrology within fabrication processes. Stochastic variations 
related to the gratings local period (line edge roughness, LER) and line width (line width roughness, LWR) 
are of special interest due to their key role in the minimal achievable structure size. Non-imaging metrology 
approaches taking these statistic variations into account are quite limited. For scatterometry, models predict 
a change in the grating’s diffraction efficiency according to a Debye-Waller factor but only in the non-zeroth 
diffraction orders. The authors perform simulations of nanoscale gratings that suggest an influence of LER 
and LWR on the reflectance (zeroth diffraction order efficiency) which motivate an extended study on LER 
and LWR measured by spectrally resolved EUV reflectometry here described as EUV spectrometry. The 
authors present reconstruction results of nanoscale gratings measured with a compact spectrometer utiliz-
ing extreme ultraviolet (EUV) radiation emitted by a discharged-produced plasma (DPP) EUV source. The 
use of two sequential spectrographs, one for the reference measurement of the source spectrum, and the 
other one for the measurement of the spectrum after sample interaction, combined within the experimental 
setup allow measuring the broadband reflectance with 2% relative uncertainty of samples under various 
grazing incidence angles. The method offers a proven sub-nm reconstruction accuracy for critical grating 
parameters. Within the presented study, the measured samples are dedicated test samples, fabricated to 
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Figure 1. Schematic representation of the EUV spectrometer realized at RWTH-TOS. The EUV source emits unpolarized 
broadband emission of a xenon gas discharge. The EUV radiation is directed onto a first diffraction grating and the 
spectrally resolved first diffraction order is captured by an in-vacuum CCD camera (reference spectrum). The zeroth 
diffraction order interacts with the sample before the radiation is redirected to a second diffraction grating, spectrally 
resolved and captured again by a second CCD camera (reflected spectrum).
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Editorial  
(P)awsome tech trends!
Vidya Vaenkatesan, ASML Netherlands BV

The recently concluded SPIE Photomask and EUV Lithography 2022 
conference, with over 550 attendees and 90 presentations, including an 
engaging panel discussion, was a roaring success. The conference had 
interesting plenary sessions on the future of semiconductor technology, and 
sustainable computing luminaries from Intel, Hoya Corp., Applied Materials, 
and IBM Research. 

2022 marked yet another great initiative by SPIE Photomask to organize 
quarterly free webinars wherein industry stalwarts will talk on a wide range 
of topics relevant to the semiconductor mask industry outside the confines 
of a conference. This would make cutting-edge technology presentations 
accessible to all.

The semiconductor market is set to grow from USD 590 billion in 2022 to 
1065 billion-worth USD in 2030 (The semiconductor decade: A trillion-dollar 
industry | McKinsey). Seventy percent of this growth is predicted to be driven 
by just three industries: automotive, computation & data storage, and wireless 
technology. To meet this projected demand, our industry has plenty of 
challenges in the coming years – be it from equipment suppliers, mask makers, 
designers, or the material industry. 

Talking about the semiconductor market and particularly the wireless segment, 
the recent trend of the smart watch with so many features to track health 
parameters, along with the intelligence to call for help in case of a crash or 
fall, is a remarkable application of wireless technology. Intrigued by this, the 
projected growth of wireless communication, and my two adoring Labrador 
Retrievers, I started to think about technology and its applications in the pet 
world! I learned of an RFID-based product that reads the chip on a cat and 
allows them to enter their homes. Since the reader is located on the outside 
flap, only the right cat can enter and any animal can exit. I was truly impressed 
with this simple application of ubiquitous technology in human space.

Piqued by this knowledge, I looked up the pet tech market size and trends. The 
market surpassed USD 5 billion in 2021 and is set to grow at around 20% CAGR 
from 2022 to 2028. The market witnessed steady growth in 2021 owing to the 
pet humanization trend, an increase in pet adoption rates, and high demand 
for advanced products and services for pet owners. The sectors demand 
automatic solutions that require less attention from the owner and provide 
effective monitoring and tracking data remotely. Apparently, the growing 
prevalence of obesity in pets will encourage owners to purchase intelligent 
pet-tech products and monitor their health parameters such as breathing, 
sleep, and heart rate. Pet-tech products will also support pet owners in 
achieving daily activity goals to maintain their pet’s fitness. 

Now, how different is that from what we are building for our own health 
monitoring? It felt reassuringly comfortable to know that my furry friends’ 
wellbeing is also part of the overall growth of the semiconductor technology 
and market. For further reading, Pet Tech Market Size, Statistics - Industry 
Share Report 2028 (gminsights.com)

On that “woofy” note, I wish you all a healthy and productive remaining 2022!
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exhibit well-defined LER and LWR at different grating periods and line 
widths. In addition, the samples are also cross-characterized by the 
Physikalisch-Technische Bundesanstalt (PTB, Berlin). Experimental and 
simulative results are discussed to derive approaches to include LER and 
LWR as parameters in the physical model for reconstruction.

1. Introduction
Functional structures of integrated circuits are shrinking and getting 
more complex for decades. This development was enabled due to the 
huge progress of lithographic fabrication techniques as well as the cor-
responding measurement techniques. In recent years, lithography utiliz-
ing EUV radiation gains importance for high-volume manufacturing of 
integrated circuits reaching the highest resolution so far1. To achieve the 
required quality and reliability of the fabrication process, several quality 
control steps are integrated within the process (in-line) or are carried out 
regularly independent from the fabrication (offline)2. For this purpose, 
dedicated test fields are manufactured next to the functional parts on 
a wafer during the process and characterized to extract information on 
the process quality of the actual functional structures of the device3,4.

These test fields are typical nanoscale gratings, consisting of periodic 
lines and spaces to provide high sensitivity for radiation-based measure-
ment techniques due to interference effects, with comparable dimensions 
like the integrated circuit under manufacture3.

Characterization techniques for these test fields have to deliver in-

formation on the geometrical properties as well as its compositional 
cross-section and need to be fast and non-destructive in order to be 
included within the fabrication process which limits the selection of suit-
able techniques mostly to non-imaging techniques based on scattered 
radiation4. Due to the large spot size (test field size ≈ 50 μm x 50 μm) 
of these measurement techniques compared to typical dimensions of 
the utilized test structure (≈ 10 nm – 100 nm), these techniques provide 
averaged information of the structures within the measurement spot but 
local features like defects remain undetected3. Two features of special 
interest are stochastic properties of the nanoscale gratings period along 
the grating line, namely line edge roughness (LER), and the line width, 
namely line width roughness (LWR), because they are a key limitation 
factor to the minimal achievable feature size of the lithographic process5.

Due to the averaging nature of radiation-based measurement tech-
niques, their feasibility to extract stochastic information of the test 
fields geometrical features is not generally given. Techniques capable to 
characterize LER and/or LWR are for example grazing incidence small 
angle X-ray scattering (GISAXS) which relies on measuring the diffrac-
tion efficiency of multiple (zeroth and non-zeroth) diffraction orders and 
modelling the influence of LER/LWR based on a damping term delivered 
by theory4. The derivation of this damping term, typically called Debye-
Waller factor (DWF), is based on the variation of the grating period 
respectively line width of a perfect binary grating with independent 
variation of the corresponding grating parameter and does not propose 

Figure 2. Photograph of the EUV spectrometer in the RWTH-TOS cleanroom environment (footprint 1 x 2.5 m2).

Figure 3. Schematic representation of three realistic grating lines (left schematics) with randomly distributed line edge and line width roughness. Schematic 
representation of line edge and line width roughness (right schematics) for a periodic distribution of the line edge position and line width position in the top view of a 
single grating line (top) and in the cross-sectional view (bottom). Periodic roughness is a special case but can provide a comparable effect on the diffraction efficiency 
discussed in detail by a. Kato et al.7.
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an influence on the zeroth diffraction order efficiency6,7.
In this paper, the influence of stochastic properties of a nanoscale grat-

ing on the zeroth diffraction order efficiency is investigated in a simula-
tive approach serving as a basis for measurements and reconstructions 
of three dedicated and cross characterized test samples with defined 
LER and LWR. The simulative studies are carried out with two different 
Maxwell solver, namely Dr. Litho and JCMsuite17,18,19, to achieve a frame-
work for fast and accurate simulations of nanoscale gratings considering 
stochastic properties.

2. EUV Spectrometry
In this work, EUV spectrometry is applied and evaluated to investigate 
nanoscale gratings with dedicated LER and LWR properties. EUV spec-
trometry measures the broadband reflectance of the sample under 
investigation for various grazing incidence angles, which corresponds 
to measuring the zeroth diffraction order efficiency of a grating-like 
sample8,9. Based on the reflectance data, several surface-related geo-
metrical features as well as sub-surface cross-sectional information and 
material specification can be reconstructed in a model-based approach 
with up to sub-nanometer accuracy in terms of averaged properties 
of the sample8,9. Besides grating-like samples, the utilized technique is 
suitable for the reconstruction of thin layer systems and its capability 
for the determination of optical constants10 with an absolute uncertainty 
below 0.001 has been demonstrated10. This approach is comparable to 
established techniques and mainly differs by the utilized wavelengths. An 
advantage of utilizing EUV radiation is its strong absorption in any matter 
in combination with element-specific absorption edges of relevant materi-

als (e.g. Si-L absorption edge at ≈ 12.4 nm wavelength11), which results 
in a high material contrast and therefore a high sensitivity regarding the 
analysis of the material composition12.

To measure the spectral and angular resolved reflectance of the 
samples, the compact EUV spectrometer, developed at the Chair for 
Technology of Optical Systems, RWTH Aachen University (RWTH-
TOS)8,9,10, shown in Figure 1 & Figure 2 is utilized which main components 
are the radiation source, two sequential spectrographs, and the sample 
positioning system. Due to the strong absorption of EUV radiation, the 
whole setup is operated under vacuum conditions, reaching pressures 
below 5·10-6 mbar at the sample position. A discharge-produced plasma 
(DPP) EUV source emits unpolarized broadband EUV radiation from a 
hot and dense xenon plasma with high intensity in a spectral range from 
10.7 nm – 15.5 nm8 and with reduced intensity up to 20 nm. The beam is 
spatially filtered by an aperture and the non-EUV part of the spectrum is 
spectrally filtered out by a 200 nm thick zirconium thin film filter before 
the beam is directed to a first diffraction grating that is illuminated in clas-
sical configuration (beam perpendicular to grating lines). Afterward, the 
spectrally resolved first diffraction order of the probing beam is directed 
towards a CCD camera which captures the so-called reference spectrum. 
The zeroth diffraction order can further propagate and is also spatially 
filtered by an aperture to achieve vertical beam dimensions down to 50 
μm before the beam hits the sample under investigation. After sample 
interaction, the beam is deflected by a movable and rotatable mirror to 
enable a fixed exit position out of the sample chamber even when the 
sample is illuminated under various grazing incidence angles. A second 
spectrograph is placed behind the sample and captures the spectrum 

Figure 4. Layout of the unit cell for investigations of a computationally efficient simulation setup. Image adapted from A. F. Herrero et al.6.

Figure 5. Reflectance of the simulated grating on the left for a grating incidence angle of 6°. The reference is simulated without any roughness. Comparison of the 
influence of the line and block distribution for a σLER of 3 nm within a unit cell consisting of nL lines separated in nB blocks on the right.
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after radiation-sample-interaction (reflected spectrum). This way, natu-
rally occurring fluctuations of the emitted spectrum are monitored pulse 
by pulse. In addition to the consideration of the source fluctuations, the 
influence of all other optical components on the reflectance signal needs 
to be considered. For this purpose, an additional measurement of a sample 
with well-known reflectance (characterized by Physikalisch-Technische 
Bundesanstalt, PTB) is performed which allows determining the combined 
influence of the mirrors and gratings, considered during the evaluation 
of the unknown sample’s reflectance9,10,13. The sample itself is placed on a 
6-axis manipulator for alignment and is placed on an additional stage to 
rotate the sample-mirror pair in order to capture the angular dependency 
of the reflectance spectrum.

With the current setup, the angle can be adjusted between 5° and 
30° grazing incidence angle relative to the sample surface10. Due to the 
relatively low source emission between 15.5 nm and 20 nm and a resulting 

lower signal-to-noise ratio of the recorded spectra, the spectral range for 
the reconstruction of the sample parameters is typically limited to the 
high-quality range from 11 nm to 15 nm. The same argument is valid for 
a limitation of the angular range within the reconstruction process due 
to a low reflectance of some samples with increasing grazing incidence 
angles and the accompanying lower signal-to-noise ratio. Previous in-
vestigations have demonstrated that measurements conducted with the 
compact EUV spectrometer achieve a relative uncertainty on the absolute 
reflectance value of below 2% for an angular range below 15° grazing 
incidence angle13. The relative uncertainty for higher angles is increased 
due to the already mentioned reduced signal-to-noise ratio but also due 
to polarization-specific reflectance values of each optical component and 
the increase of this effects for higher angles.

Figure 6. Unit cell of the simplified simulation approach in top view for line edge roughness (left) and line width roughness (right) according to the parameter ΔLER 
respectively ΔLWR. The pitch x corresponds to the period of the grating under simulation while the pitch y is orientated along the grating line.

Figure 7. Influence of the period of a grating’s unit cell along the grating lines pitchy (see Figure 6, corresponding to 2·BLy) for different angles and wavelengths. 
Differences in the reflectance (relative to 1 nm period simulation) are usually below 2%. A possible explanation could be an insufficient number of Fourier orders for the 
transformation of the grating structure within the Dr. Litho approach. In the following simulations, a pitchy in the y-direction (along the grating lines) of 10 nm is chosen.
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3. Line Roughness in Theory and Computational
Manufactured nanoscale gratings exhibit imperfections of different 
natures, independent from the utilized fabrication process. On the one 
hand, these imperfections can be local and only occur at specific posi-
tions on the sample, e.g. by the deposition of contaminations or due to 
the manufacturing process itself4. On the other hand, statistical processes 
like the absorption of photons within the resist during exposure or the 
quantization of photons cause variations of the lithographic process 
quality over the whole exposed area4. These statistical effects and their 
resulting influence on the final grating pattern are typically considered 
roughness parameters. The two main parameters for roughness in the 
field of nanoscale grating characterization are the so-called line edge 
roughness (LER) and line width roughness (LWR) which describe the 
statistics for variations of the line mean position with a constant line 
width (LER) or respectively a variation of the line width (LWR) along 
the grating lines6,14,15. Both effects are schematically shown for a random 
(combined) and periodic distribution in Figure 3. For this purpose, the 
parameters σLER and σLWR are introduced which describe the standard 
deviation with respect to their nominal line position or respectively line 
width. It should be mentioned at this point, that several definitions of LER 
and LWR exist and a non-neglectable part of the literature uses 3·σLER 
respectively 3·σLWR as the definition for LER and LWR and care should 
be taken comparing the literature.

Due to the importance of LER and LWR with respect to the minimal 
achievable feature size, LER/LWR effects are discussed for several years 
and different approaches to consider the corresponding effects are 
considered in theory as well as validated experimentally4,6,7,14,15. A detailed 
derivation of an analytic expression can be found in A. Kato et al.16 for a 
gaussian distribution of the line mean position and the line width. The 
resulting analytic expression is given in equation 1 (gaussian distribution6) 
but it requires some approximations.

                        (1)

with IIdeal the intensity of an identical but non-rough grating, IRoughness 

the intensity considering the roughness, qx the momentum transfer in 
reciprocal space according to equation 3 and ξ the effective roughness 
considering the uncorrelated and combined roughness attributed to 
LER and LWR. Besides of approximations regarding the distribution of 
LER and LWR, the equation considers an infinite periodic, perfect binary 
grating according to equation 2 with a small displacement/width varia-
tion of the grating lines. The resulting analytic expression in equation 1 
consists of a term IIdeal for a perfect grating without LER or LWR and 
an exponential damping term called Debye-Waller-factor (DWF) or a 
Bessel-function like damping term, here shown for the case of LER but 
besides of a constant factor, the same term is delivered for LWR7. The 
damping factor depends on the diffraction order m, the period length 
of the grating structure, the grazing incidence angle θ relative to the 
sample surface, and the azimuthal angle φ with φ = 0° corresponding to 
an illumination along the grating lines. The indices “in” and “out” indicate 
the incoming respectively outgoing beam. Several publications following 
this approach for scatterometry, e.g. Grazing-Incidence Small-Angle X-
ray Scattering (GISAXS) validated its feasibility to model LER and LWR 
based on the intensity damping on higher diffraction orders4,6 but for the 
reflectance (zeroth diffraction order, m = 0) no influence due to LER or 
LWR is proposed. In good scientific practice, this assumption needs to 
be validated as well, which motivates a simulative study of LER and LWR 
effects on the zeroth diffraction order. For this purpose, primary simula-
tive investigations are carried out to determine the optimal simulative 
layout which provides a high accuracy while keeping the required time 
per simulation as short as possible.

The primary investigations are conducted on a simplified grating 
consisting of silicon with a period length P of 120 nm perpendicular to 
the grating lines, a line height H of 35 nm, a line width (CD) in the x-

Figure 8. Top-down SEM of the measured samples without a designed roughness (Ref), with designed line edge roughness (LER) and designed line width roughness 
(LWR). Images adapted from A. F. Herrero et al.6.

Figure 9. Measured reflectance of the three samples. The reflectance of all three samples provides a comparable signature across the measurement range. Major 
differences are related to the exact position and intensity of an interference maxima/minima e.g. Ref, LER, LWR at a 5° grazing incidence angle.
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direction of 50 nm (perpendicular to grating line) and a sidewall angle α 
of 0° (perfect rectangular grating). These parameters were chosen under 
consideration of the required computational time (scales with the size of 
the structure) but are realistic for typical but simple semiconductor test 
fields. Simulations of gratings with rectangular grating lines are carried 
out using the well-established Maxwell’s equation solver Dr. Litho which 
provides a fast and semi-analytical approach17,18.

A unit cell was chosen consisting of 36 blocks distributed among nL 
lines, each separated within nB blocks according to Figure 4. The number 
of blocks in each line and the number of lines within the unit cell are varied 
while the total number of nL x nB remains constant (here nL x nB always 
equals 36) in order to investigate the influence of the block distribution. 
Each of these blocks exhibits a width of 5 nm in the y-direction (parallel 
to the grating line).

A modification of the nominal position of a block Δxi, where i is the index 
of the block, corresponds to line edge roughness and is extracted out of 
a Gaussian distribution with an expectation value μ = 0 and a standard 
deviation σLER. Similarly, the modification of a block ΔCDi corresponding 
to line width roughness is also extracted out of a Gaussian distribution. 
It should be mentioned that the actual mean value and the distribution 
do not necessarily provide these properties due to the small number of 
blocks which contribute to the layout. Due to an influence of the actual 
values of ΔCDi, respectively Δxi, all simulations are carried out five times 
to provide an uncertainty related to the underlying Gaussian distribution. 
All simulations are performed for different grazing incidence angles θ 

(5° to 30°) and σLER, σLWR (0 nm to 5 nm) and exemplarily shown for θ 
= 6° and σLER = 3 nm in terms of the reflectance difference (subtracted 
from a simulation with σLER = 0 nm which means no line edge rough-
ness) in Figure 5.

Most of the simulations are in agreement with the standard deviation 
related to the influence of the actual block distribution delivered by the 
multiple executions of the simulations (each block distribution is unique 
and extracted from a random gaussian distribution). All simulations show 
a comparable modulation from an ideal grating without roughness be-
sides the layout consisting of lines without a segmentation along the line 
(nL = 36, nB = 1) where significantly different results are achieved. Here 
the line means the position of each grating line is shifted in accordance 
with the gaussian distribution of with σLER = 3 nm. A possible explanation 
could be the absence of classical diffraction which would occur due to a 
grating-like structure perpendicular to the illumination beam. The absence 
of a modification along a grating line might result in an underestimation 
of the intensity modulation introduced by diffraction-like behavior due to 
the line edge roughness. In addition to the first set of simulations, simula-
tions utilizing a more simplified layout were performed which consist of 
only two blocks in a single line (see Figure 6). The simulation results (see 
nL = 1, nB = 2, ΔLER = 3) provide convincing agreement with the previ-
ous simulations within a one-sigma uncertainty related to the influence 
of the Gaussian distribution of the five simulations performed for each 
combination of nL and nB. The feasibility of this approach is surprising 
due to its simplicity, but no deviation is found during the simulative study 

Figure 10. Results of the fitting process (fit results as dots) for all three samples plotted against the measurements (solid line): Most of the fitted reflectance values are 
in good agreement and the overall curvature of the measurement is well reproduced by the fit.

Table 1. Comparison of the determined grating parameters by both facilities. PTB performed GISAXS measurements at the BESSY II synchrotron, RWTH-TOS 
performed EUV spectrometry 4,15. Deviations of these amplitudes might be caused by multimodalities that are not good enough resolved within the Bayesian 
optimization process.
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that provides a restriction for this simplification. A reasonable explanation 
could be the presence of classical diffraction due to the displacement of 
the two blocks which provides a comparable intensity modification on 
average as a finer segmentation of the grating according to a Gaussian 
distribution. The shift (ΔLER) respectively the extension/compression 
(ΔLWR) of one of these blocks corresponds to standard deviation σLER, 
σLWR in the case of Gaussian distributed blocks. This approach provides 
the advantage, that only a single simulation needs to be carried out 
and no influence of the actual block distribution needs to be estimated. 
Among the investigated angles and line edge and width roughness val-
ues, no significant deviation for this approach was observed. Therefore, 
the following simulations are performed utilizing this simplified layout. 
It should be mentioned, that in accordance with most of the literature, 
only a difference in the amplitude of the modulation was found between 
simulations related to LER and LWR16,15 which is caused due to correlation 
respectively anti-correlation of the line edge position considering LER 
and LWR. Due to this relation, the effective roughness parameter ξ is 
introduced which combines the effect of both roughness types but not 
the correlations6. In the following, only the ΔLER approach is chosen to 
model the effective roughness in the following reconstruction process 
and is compared to the effective line roughness ξ reconstructed by the 
reference methods.

In order to estimate the influence of the block length in the y-direction 
(BLy, see Figure 6) along a grating line, three cases are investigated which 
correspond to a block length BLy much smaller than the wavelength BLy 
= 0.5 nm, once with the width in the order of the wavelength BLy = 5 nm 
and once with a much larger block BLy = 50 nm. The remaining grating 
parameter was chosen similarly to those before (Period length = 120 nm, 
line width CD = 50 nm, line height H = 35 nm). The reflectance difference 
(to BLy = 0.5 nm) is shown in Figure 7 for a simple unit cell according to 
Figure 6 with a large ΔLWR of 2.5 nm. Even with this large CD differences 
(10 nm), the influence of the block length BLy along a grating line is only 
relatively small and only provides differences in the order of 2% for single 
wavelength–incidence angle combinations. The block length BLy for the 
following simulations is kept constant at 5 nm which seems reasonable 
considering the primary investigation.

4. Measurement and Sample Reconstruction
In order to apply the simulative approach from section 3 to real samples, 
three dedicated test samples with defined LER and LWR are measured 
utilizing the EUV spectrometer introduced in section 2. The samples 
consist of silicon lines with a nominal height H of 120 nm, a period of 150 
nm, and a CD at half height of 65 nm and were stored under ambient 

conditions between primary characterization by PTB and experiments 
conducted at RWTH-TOS6. These sample parameters differ from those 
of the grating of the primary investigation in section 3 and require more 
intense simulations due to the larger dimensions. It is assumed that 
the approach introduced before is still valid, as the parameters are in a 
comparable order of magnitude and the diffraction behavior does not 
differ. The first sample, called Ref, is fabricated without any intended 
roughness, the second sample, called LER, is fabricated with an intended 
line edge roughness of max(xi) = 5 nm, and the third sample with a line 
width roughness of max(ΔCDi) = 10 nm. Details of the sample’s fabrication 
process and the utilized characterization techniques can be found at A. 
F. Herrero et al.6. It should be mentioned that A.F. Herrero et al.6 char-
acterized the line edge displacement distribution by scanning electron 
microscopy (SEM) and detected a Gaussian distribution. A top-down 
SEM image of the samples is shown in Figure 8 and provides a first guess 
of the fabrication process quality and a visualization of the differences 
between the LER and LWR samples. The measured effective roughness ξ 
values of the SEM characterization are given in Table 1 and are compared 
to those reconstructed using the measurements of GISAXS (PTB) and 
EUV spectroscopy (RWTH-TOS).

The azimuthal angle (φ = 0 corresponds to conical mounting) of the 
sample was aligned based on the symmetry of the sample’s reflectance 
under rotation.

Figure 9 shows the measured reflectance of the three samples. The 
overall comparison shows a comparable reflectance for all three samples 
including the position of the destructive and constructive inference 
maxima/minima in the wavelength–grazing incidence angle space. This 
is reasonable due to the similar fabrication process with an electron beam 
lithography tool and the same, well controlled, etching process which 
results in a similar nominal parameter of the gratings. The fabrication 
process was optimized to achieve a low surface and height roughness 
providing sufficient overall homogeneity6. As shown by A. F. Herrero6 in 
the primary characterization of these gratings, small deviations of the 
actual grating parameters between the Ref, LER, and LWR samples are 
in the order of 3 nm for the CD and the line height (compare Table 1).

The simulations for this study are carried out using the well-established 
Maxwell’s equation solver JCMsuite17,19 which provides a high degree of 
freedom regarding the geometrical layout of the structure under simu-
lation. The use of a finite element method (FEM) based Maxwell solver 
enabled to include the sidewall angle α as an additional parameter. Silicon 
is known to suffer from oxidation under ambient conditions, therefore 
a homogeneous oxide layer across the grating structure was assumed 
and integrated as a reconstruction parameter. The low photon flux in the 
destructive inference minima of the reflectance of the sample provides 

Figure 11. Comparison of the measured (Exp.) and calculated (Sim.) reflectance for the reference sample for angles not used during reconstruction. The overall good 
agreement provides additional trust in the reconstruction result.
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a low signal-to-noise ratio, leading to some numerical problems during 
the sample’s parameter reconstruction. Reflectance regions with absolute 
reflectance values below 1% in combination with an approximately 2% 
relative uncertainty across the measurement range can be problematic 
during optimization. Therefore, an additional absolute uncertainty of 
0.0005 was introduced to avoid overweighting during optimization 
based on a χ2 function. The optimization process is carried out using 
the mentioned considerations with a Bayesian Optimizer provided by 
JCMsuite considering four angles (7°, 9°, 11°, 13°) at six wavelengths (11 
nm to 15 nm in 0.8 nm wavelength steps) for unpolarized radiation, to 
compromise with the computational time. The results of the optimiza-
tion are shown in Figure 10 for each of the three samples. Fit results and 
measurement curves are in good agreement in terms of intensity and 
curvature for each of the three samples. A higher disagreement at 11.8 
nm at 7° and 9° for each measurement is visible which may be caused by 
a systematic error during measurement (e.g. straylight or the influence 
of higher diffraction orders).

For the comparison between the reconstructed parameters by PTB 
and RWTH-TOS, the line width reconstructed by RWTH-TOS needs to be 
corrected by the consumption of silicon due to the oxidation process. This 
correction considers, that 46% of the silicon dioxide layer thickness was 
original silicon before oxidation20. Table 1 compares the reconstructed val-
ues by both facilities. PTB determined the effective roughness parameter 
ξ once based on a Debye-Waller-factor (DWF) out-of-grazing incidence 
small angle X-ray scattering (GISAXS) measurements and validated this 
by SEM characterization. All values are in good agreement for each of 
the samples. In particular, the reconstructed parameter based on the 
RWTH-TOS approach ΔLER, which corresponds to the standard deviation 
of the effective roughness ξ is in very well agreement.

For the Ref sample, the oxide layer thickness reconstructed by RWTH-
TOS exhibits the strongest deviation of all parameters in comparison to 
the previous characterization, partly explained by continuously present 
oxidation but this argument would also need to be applied for the LER 
and LWR samples where the reconstructed oxide thicknesses are in better 
agreement. A reasonable explanation is the presence of multimodalities, 
different solutions to the ill-posed reconstruction process of equal quality 
(comparable χ2). The origin of this deviation is not completely clear and 
needs to be further investigated with an evaluation process suitable to 
reconstruct multimodalities for example a Markov Chain Monte Carlo 

(MCMC) approach. Due to the high computational cost, this evaluation 
was not conducted within the scope of this investigation but will be ad-
dressed in future investigations.

In order to validate the reconstruction results, additional simulations 
of the reflectance are carried out, exemplary as shown in Figure 11, for 
angles not considered during the optimization which also show a con-
vincing agreement. This cross-check validates the reconstruction results.

Lastly, the sensitivity of the measured reflectance under parameter 
variation is simulated. This way a rough estimate of the expected uncer-
tainty of the reconstructed parameters can be given assuming a change 
in the reflectance above the measurement uncertainty is distinguishable 
in the reconstruction process. Figure 12 exemplary shows the relative 
change of reflectance for a parameter variation of 0.1 nm respectively 0.1° 
for the Ref sample. It should be mentioned that simplified estimations 
on uncertainties need to be considered with caution, e.g. because they 
do not consider parameter correlations or multimodalities which require 
a high computational effort to resolve. Nevertheless, relative reflectance 
modifications of up to 5% are visible for each parameter including the 
roughness parameter ΔLER. In particular, anglewavelength combinations 
of constructive or destructive interference provide a strong variation 
due to roughness effects, probably caused by perturbated interfer-
ence conditions. This observation provides promising insights into the 
feasibility of EUV spectrometry for the investigation of the effective line 
edge roughness.

5. Conclusion
In this work, the capability of a compact EUV spectrometer for the char-
acterization of stochastic line roughness effects assigned to line edge 
and line width roughness is investigated. For this purpose, a framework 
to simulate the effect of line edge and line width roughness on the zeroth 
diffraction order of spectrally and angular resolved reflectance spectra 
of nanoscale gratings is tested. As a result of the simulative studies, it 
was demonstrated that it only requires the simulation of two grating 
segments which are shifted against each other (for line edge roughness 
representation) or compressed/extended with respect to each other (for 
line width roughness representation). This way, three grating samples 
fabricated in silicon with dedicated line edge and line width roughness 
properties are measured and reconstructed in terms of the most relevant 

Figure 12. Relative reflectance change of the reference sample for the reconstructed grating geometry (see Table 1). Each parameter variation provides a unique 
signature enabling to distinguish between each parameter during the reconstruction. For specific wavelength–angle combinations, the relative change of reflectance 
exceeds the typical measurement uncertainty of 2% (dashed line) even for minor parameter changes of 0.1 nm respectively 0.1°. A proper choice of the wavelengths and 
angles included in the reconstruction process can increase the sensitivity for those parameters.
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geometrical grating parameters. The reconstruction results are compared 
with results extracted out of GISAXS and SEM measurements conducted 
by the PTB at the BESSY II synchrotron facility. All applied measurement 
techniques determined the grating parameters in good agreement with 
deviations typical below 1 nm or 1° for sidewall angles. For EUV spec-
trometry, simulations regarding the relative change of reflectance for a 
parameter variation of 0.1 nm or 0.1° around the reconstructed parameter 
combination show relative reflectance changes of up to 5% depending on 
the angle and the wavelength. These sensitivities emphasize the capability 
of EUV spectrometry to characterize stochastic properties of nanoscale 
grating structures. A more detailed analysis including multimodalities of 
the reconstruction results would give additional information regarding 
the formation of an oxide layer and could provide reliable uncertainties 
for each investigated parameter.

6. Mathematical Equations

                                       (2)

                

(3)
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■	 The US is Spending Billions to Boost Chip Manufacturing.  
Will it be Enough?

Catherine Thorbecke, CNN Business
The United States government is pulling out all the stops to boost domestic semiconductor 
manufacturing, injecting billions of dollars into the beleaguered sector and flexing all policy 
muscles available to give it a leg up over competition from Asia.

When the pandemic hit in 2020, firms initially curtailed orders for these micro building blocks 
needed for smartphones, computers, cars, and many other products. Then, as people began 
working from home, demand soared for information and communication technology – and 
the chips that power them. A chip shortage ensued, and auto plants had to stop production 
because they could not obtain chips. This contributed to skyrocketing new and used vehicle 
prices.

Several prominent companies have announced significant investments in US manufacturing. 
Taiwan Semiconductor Manufacturing Company (TSMC), a powerhouse in the industry com-
mitted at least $12 billion to build a semiconductor fabrication plant in Arizona, with produc-
tion expected to begin in 2024. At the start of the year, Intel said it planned to build a $20 bil-
lion semiconductor manufacturing plant in Ohio, and groundbreaking for the new chip plant 
took place just last month. And this month, Micron said it would invest up to $100 billion over 
the next two decades to build a massive semiconductor factory in upstate New York.
https://www.cnn.com/2022/10/18/tech/us-chip-manufacturing-semiconductors/index.html

■	 Apple Freezes Plans to use China’s YMTC Chips – Nikkei
Reuters
U.S. tech giant Apple has put on hold plans to use memory chips from China’s Yangtze 
Memory Technologies Co (YMTC) in its products after Washington imposed tighter export 
controls against Chinese technology companies. Apple had originally planned to start using 
state-funded YMTC’s NAND flash memory chips as early as this year. The chips were initially 
planned to be used only for iPhones sold in the Chinese market. The company was consider-
ing eventually purchasing up to 40% of the chips needed for all iPhones from YMTC.

The biggest implication is that it limits Apple from potentially further diversifying its supplier 
base by utilizing domestic China players and improving its cost profile over time.
https://www.reuters.com/technology/apple-freezes-plan-use-chinas-ymtc-chips-nik-
kei-2022-10-17/

■	 ASML Shrugs off Slowdown, U.S. China Sanctions, Reports Strong Q3
Toby Sterling, Reuters
ASML Holding NV (ASML.AS), a key equipment supplier to computer chip manufacturers, 
reported better-than-expected third-quarter sales and profit along with record new bookings, 
boosting its shares. Europe’s largest technology company also said it did not expect a large 
impact from U.S. sanctions on China. CEO Peter Wennink said customers were focused on 
plans to expand their long-term capacity, rather than the current economic slowdown and 
weakness in end-markets such as those smartphones, personal computers, or memory chips.

The overall demand for our systems continues to be strong. This resulted in record bookings 
in the third quarter of around 8.9 billion euros,” he said in a statement. It is currently unable 
to keep up with demand from these companies as they are aggressively building new manu-
facturing plants with support from U.S. and European governments. ASML’s backlog is now at 
38 billion euros, and it is seeking to expand its own production capacity by 2025.
ASML shrugs off slowdown, U.S. China sanctions, reports strong Q3 | Reuters

■	 Samsung Roadmap Includes 1.4-nm Production by 2027
Alan Patterson, EE-Times
Samsung Electronics is planning for 1.4-nm production by 2027, according to a roadmap it 
publicized for its chip foundry business. The company is raising the ante with top rival Taiwan 
Semiconductor Manufacturing Co. (TSMC) as demand for advanced semiconductors has 
soared. Samsung said high-performance computing (HPC), AI, 5G/6G, and automotive ap-
plications are driving demand. The technology development goal down to 1.4 nm and foundry 
platforms specialized for each application, together with stable supply through consistent 
investment, are all part of Samsung’s strategy to secure. The company this year was the first 
to announce 3-nm production. Samsung will enhance its gate-all-around (GAA) technology 
with plans to introduce a 2-nm process in 2025.
Samsung Roadmap Includes 1.4-nm Production by 2027 - EE Times
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