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ABSTRACT. Background: Extreme ultraviolet (EUV) attenuated phase-shifting masks are
complex structures with stringent requirements for manufacturing precision and
materials properties, and they have been object of extensive research lately.

Aim: We aim to characterize the optical constants (n and k ) and the thickness of the
layers in the mask stack with a nondestructive method.

Approach: Using a spectral reflectometry approach with EUV and soft X-ray illu-
mination at various incidence angles, different layer’s properties in a photomask
blank can be selectively probed. The optical constants and the thicknesses of the
layers can be obtained by fitting a suitable model to the experimental reflectance.

Results: The optical constants of the Pt-W alloy absorber and the thicknesses of the
top three layers of the sample stack were accurately characterized.

Conclusions: Stacked layer’s properties can be selectively probed with the instru-
ment (REGINE) we developed. The properties of the topmost layer can be charac-
terized by assessing the probing depth, before investigating deeper layers with a
suitable choice of illumination wavelength and angle of incidence.
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1 Introduction
In the ever-advancing realm of semiconductor fabrication, extreme ultraviolet lithography
(EUVL) has emerged as the lead technology, promising to drive the semiconductor industry
toward smaller, faster, and more energy-efficient electronic devices.1 EUVL, with its exception-
ally short wavelength of 13.5 nm, offers the capability to create nanoscale features with unpar-
alleled precision.2,3 To ensure the quality and reliability of the semiconductor devices, strict
quality control measures and precise metrology are important throughout the fabrication
process.4,5

Nondestructive nanometrology is a fundamental tool for semiconductor device manufactur-
ing. Practically, a combination of several techniques is needed throughout the fabrication
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process, from EUV photomask inspection to patterned wafer metrology. EUV light not only
facilitates the production of smaller features in lithography but also emerges as a powerful
approach for the metrology required to characterize and analyze these intricate features in future
technology nodes, thanks to its short wavelength, relevant penetration depth, and high reflectivity
with relatively high grazing angles compared to that of hard X-ray.

EUV reflectometry and scatterometry stand out as powerful techniques for the metrology of
thin films and periodic structures with nondestructive approaches.6–8 As a widely used technique
for probing the properties of thin films, EUV reflectometry offers a comprehensive suite of capa-
bilities ranging from reflectance measurement and layer thickness determination9 to the detailed
analysis of multilayer interfaces10 and the precise extraction of optical constants,11–13 notably the
refractive index (n), and the extinction coefficient (k).

In this study, we introduce the reflective grazing incidence nanoscope for EUV (REGINE)
instrument, which is designed for EUV reflecometry, scatterometry, and coherent diffraction
imaging (CDI),14–16 and we illustrate its application to the optical constants determination and
layer thickness characterization for an EUV attenuated phase-shifting mask blank. We first use
REGINE to selectively probe only the top layer of the sample stack and perform a spectral char-
acterization of the absorber material’s optical constants. Then, we increase the grazing incidence
angle and use higher photon energy to probe deeper layers to study their thickness.

2 Materials and Methods

2.1 Experimental Setup and Sample Stack Model
REGINE is a synchrotron-based instrument that is designed for thin film and grating characteri-
zation as well as for CDI of patterned wafers. It is enclosed in a high vacuum chamber that
operates at the pressure of 10−7 mbar. The main components of REGINE are illustrated in Fig. 1.

REGINE is hosted at the metrology branch of the XIL-II beamline of the Swiss Light Source
(SLS). The branch is equipped with a spherical grating monochromator with a grating included
angle of 170 deg and grating constant of 400 l∕mm. The monochromator’s spectral bandwidth is
λ∕Δλ ¼ 1500 at a wavelength λ ¼ 13.5 nm. The EUV illumination beam exiting the monochro-
mator has a measured photon flux of 1.03 × 1012 photon∕s when it reaches the ∅1mm entrance
aperture of REGINE, then it is focused by a ruthenium-coated ellipsoidal mirror onto the surface
of a vertically mounted sample. The mirror has a reflectance of 93% for 13.5 nm wavelength at

Fig. 1 3D model of the main components of REGINE. The detail shows the EUV photomask
sample stack, which consists of a nonpatterned absorber layer, Ru capping layer, and 40 pairs
of Si/Mo layers and Si substrate.
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the grazing incidence angle of 6 deg. The sample is installed on an XYZ linear-stage set. The
stage set is mounted on a rotational stage that is used to change the incidence angle of the illu-
mination beam. The in-vacuum CCD camera (Teledyne PI-MTE2) is mounted on another
co-axially installed stage, which rotates to capture the corresponding reflected light from the
sample. REGINE can work in a photon energy range spanning from 80 to 200 eV, and the sample
can be illuminated at a grazing incidence angle ranging from 0 deg to 28.6 deg with a p-polarized
beam. Ptychography,17 the chosen CDI approach for REGINE, relies on the accurate measure-
ment of the relative position between the illumination spot and the sample.18 To minimize the
reconstruction artifacts resulting from scan position uncertainty, we have also installed two inter-
ferometric sensors to monitor the X and Y positions of the sample stage with subnanometer
precision.

The structure of the sample used in this study is illustrated in the inset of Fig. 1. Its designed
configuration includes a 33 nm nonpatterned Pt-W alloy absorber layer,19 a 2.5 nm Ru capping
layer, and 40 bilayers of Si (4.2 nm)/Mo (2.8 nm) on a Si substrate. The sample has an area
of 20 mm × 20 mm.

In this study, we aim to obtain accurate optical constants of the absorber material, and the
layer thicknesses in the sample stack. We retrieve the characteristics of the sample by calculating
the reflectance with a model of the sample and then fitting it to the measurements obtained with
REGINE. For this approach to yield reliable results, we require a detailed model of the sample.
So we decided to perform scanning transmission electron microscopy (STEM) measurements to
verify the accuracy of the sample design layout. The STEM measurements revealed the presence
of intermixing layers between Ru and Si, as well as Si and Mo, which we included in our model.

Figure 2 shows the STEM image of a section of the Si/Mo multilayer, where we can observe
the intermixing layer of MoSi2 between the silicon and molybdenum layers.20 To estimate the
thickness of the different layers, we integrated the pixel intensities of each column of the STEM
image and fitted a trapezoidal curve to the intensity distribution. We estimated the thicknesses of
Si, Mo, MoSi2 (grown on top of Si), MoSi2 (grown on top of Mo) as 1.86� 0.30, 1.94� 0.28,
1.80� 0.29, and 1.69� 0.30 nm, respectively. Based on the STEM image, the thicknesses of the
absorber, Ru, and Ru-Si intermixing layers (Ru2Si3

21) were estimated by detecting the layer
edges. We started by visually estimating the approximate positions of the layers’ edges and for
each column in the image, we extracted a vertical intensity profile centered on the edge position.
Then, we fitted a fourth degree polynomial to the profile and estimated the position of the edge as

Fig. 2 STEM image of the Si/Mo multilayer and the trapezoidal fit of the integrated intensity
distribution of each column. The peak and valley of the trapezoidal curve correspond to Si and
Mo, respectively, and the rising and falling parts are the MoSi2 intermixing layers.

Shen et al.: Spectral reflectometry characterization of an extreme ultraviolet. . .

J. Micro/Nanopattern. Mater. Metrol. 041402-3 Oct–Dec 2024 • Vol. 23(4)



the location corresponding to the mean of the maximum and minimum intensity values. It is
important to stress that this is an arbitrary choice, and a different threshold would yield a different
edge location. The estimated layer thickness was calculated as the mean value of the difference
between the two layers’ edges. The thicknesses of the absorber, Ru, and Ru2Si3 layers are
37.53� 0.25, 2.48� 0.37, and 1.53� 0.38 nm, respectively. The uncertainty was estimated
as the standard deviation of the layer thickness. Due to the presence of intermixing layers,
STEM provides estimated layer thicknesses based on the chosen arbitrary threshold, whereas
REGINE measures the effective layer thicknesses within the range estimated by STEM.

In the photon energy range that REGINE can access, the complex refractive index ( ~N) of the
materials in the sample model is defined in Eq. (1) with the negative sign convention. In the initial
sample model, we used the absorber n and k values provided by collaborators who developed the
sample, whereas other materials’ optical constants were obtained from the CXRO database:22

EQ-TARGET;temp:intralink-;e001;114;591

~NðλÞ ¼ nðλÞ − i · kðλÞ; (1)

where n is the refractive index, k is the extinction coefficient, and λ is the illumination
wavelength.

2.2 Reflectance Measurements
Here we describe the reflectometry experiments that we performed to determine the reflectance
of the sample stack. We conducted the measurements with seven illumination wavelengths
(specifically 8, 9, 10, 11.5, 12.5, 13.5, and 14.5 nm) as well as ten grazing incidence angles
between 2.6 deg and 28.6 deg. The experimental geometries for data and reference collection
are shown in Fig. 3.

For each of the illumination wavelengths, the sample reflectance measurements began with
the collection of reference images. In this step, we moved the sample out of the beam path,
allowing the illumination beam to travel directly toward the CCD. We then collected reference
images with different exposure times. References were collected both before and after the data
image collection to monitor the beam intensity stability. During the data image collection, the
sample was moved into the beam path, and the CCD was rotated to record the reflected light from
the sample, as depicted in Fig. 3. We collected images at a specific incidence angle with the same
exposure times as the reference, then we rotated the sample to change the incidence angle and
repeated the same procedure. This process was performed at three different positions near the
center of the sample surface and the results were averaged to reduce the impact of the surface’s
local nonuniformity.

REGINE operates with critical illumination, where the light source is directly imaged onto
the sample, and in the presence of a uniform sample, REGINE projects an Airy pattern on the
detector plane. For each reference and data image set, we selected the nonsaturated image with
the largest exposure time and cropped it to the size of 21 × 21 pixels centered on the intensity
maximum, as shown in Fig. 4(a). Since the CCD has a nonlinear response at the extremes of the

Fig. 3 Sketch of the top view of REGINE. During the reference image collection, the sample is out
of the beam path, and the CCD records the beam directly from the mirror. During data image
collection, the sample is moved into the beam path, and the CCD is rotated to collect the reflected
beam from the sample. During the data image collection, the sample is rotated to change the
grazing incidence angle and is also vertically moved to change the illuminated position.
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detectable intensity range, using the cropped data and reference images directly to calculate the
reflectance (ratio of the two maxima) could lead to inaccurate results. For instance, at the smallest
grazing incidence angle (2.6 deg), the sample reflectance calculated this way often exceeds 1.
Especially in the reference images, the maximum intensity often falls within the CCD’s nonlinear
response range, and the readout value of the CCD is smaller than the actual intensity, resulting in
a larger reflectance value. To address this issue, we applied a threshold to filter the image and
used only the pixels with intensity in the CCD’s linear response range for the subsequent fitting
procedure. The threshold created an intensity map corresponding to the useful pixels, as shown in
the inset of Fig. 4(a). We then fitted an Airy pattern function to the filtered pixels’ intensity, as
shown in Fig. 4(b). This procedure was applied to both data and reference images. The reflec-
tance of the sample was calculated as the ratio of the fitted Airy function’s maxima of the data
and the reference.

2.3 Simulation of Reflectance and Probing Depth
In order to study the optical constants and the thickness of layers in the stack, we calculated the
expected sample reflectance using the transfer matrix method (TMM)23 for each combination of
wavelength and incidence angle and compared it with the experimental results. In the simulation,
the reflectance (R) of the whole sample stack is calculated as the square of the reflection
coefficient (r) shown in the following equations:

EQ-TARGET;temp:intralink-;e002;117;267R ¼ jrj2; (2)

EQ-TARGET;temp:intralink-;e003;117;232r ¼ γ0 · m11 þ γ0 · γs · m12 −m21 − γs · m22

γ0 · m11 þ γ0 · γs · m12 þm21 þ γs · m22

; (3)

EQ-TARGET;temp:intralink-;e004;117;202M ¼ M1M2 · · · Mn ¼
�
m11 m12

m21 m22

�
; (4)

where the characteristic matrix of the entire n-layer sample system (M) is the product of the
individual matrices of each layer (M1;2;: : : ;n), whose elements are functions of each layer’s
complex refractive index, thickness, and incidence angle at the layer interface. γ0 and γs are
the parameters depending on the refractive index and incidence angle or refractive angle for
incidence medium and substrate, respectively.

To study the illumination beam penetration in the sample stack, we also recorded the trans-
mittance at each interface inside the stack in the simulation. When the transmittance drops below
the arbitrary threshold of 1∕e2, the light reflected by the last interface that reaches the surface of
the sample is less than 1.8% of the incident intensity. Lower intensity fractions would affect the

Fig. 4 (a) Beam spot data image and the intensity map created by the thresholds (inset). (b) Fitted
Airy pattern and the pixels filtered by the intensity map that are used for the fitting procedure
(red dots). This data image is obtained from the 13.5 nm illumination wavelength at the grazing
incidence angle of 16.6 deg.
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estimated reflectance negligibly. We used this threshold to estimate the probing depth of the
incident beam.

As the beam enters the absorber, we calculate the transmittance using the Fresnel equation
for p-polarized light [Eqs. (5) and (6)].24 Then we use the Beer–Lambert law and the specified
threshold (1∕e2) to calculate the probing depth (d) as shown in Eqs. (7)–(9). In case the beam
penetrates deeper into the sample, we simply estimate the probing depth as the sum of the layers
thickness until the transmittance drops below the specified threshold at a certain interface. The
reflectance R and the transmittance T of a p-polarized beam are expressed as

EQ-TARGET;temp:intralink-;e005;114;640R ¼
���� n1 · cos θt − n2 · cos θi
n1 · cos θt þ n2 · cos θi

����
2

; (5)

EQ-TARGET;temp:intralink-;e006;114;591T ¼ 1 − R; (6)

where n1 and n2 are the refractive indices of the incident and refractive medium, θi and θt are the
incident and refractive angles, respectively. The beam intensity after propagating a distance of x
is given by

EQ-TARGET;temp:intralink-;e007;114;549I ¼ I0 · T · e−α·x; (7)

where I0 is the intensity of the illumination beam, and the attenuation coefficient α is a function
of the wavelength λ and the medium extinction coefficient k:

EQ-TARGET;temp:intralink-;e008;114;502α ¼ 4πk
λ

: (8)

Considering a maximum attenuation of 1∕e2, the probing depth d is expressed as

EQ-TARGET;temp:intralink-;e009;114;454d ¼ −
λ

4πk
· ln

1

Te2
· cos θt: (9)

2.4 Optimization of Complex Refractive Index and Layer Thickness
In the optimization procedure, we first built the initial model of the sample as described in
Sec. 2.1, then we used the approach outlined in Sec. 2.3 to simulate the reflectance of the model
and we calculated the beam probing depth under the same illumination conditions (wavelength
and incidence angle) used in the experiments. We then compared the simulated reflectance with
the experimental one to optimize the model parameters. The probing depth serves as the criteria
for selecting suitable illumination conditions to probe a specific layer.

The probing depth based on the initial sample model is shown in Fig. 5(a). Initially,
we selected illumination conditions under which the beam is only probing less than half of
the absorber thickness (data points with star markers). In this case, the n and k values of the
absorber’s complex refractive index have the most significant impact on the sample reflectance.
We then used a direct-search method25 to find the n and k values that minimize the root-
mean-square (RMS) difference between the reflectance predicted by the model and the measured
one. After obtaining the optimal n and k values of the absorber layer, we updated the sample
model and calculated the probing depth again as shown in Fig. 5(b). Based on the new probing
depth result, we can select the illumination conditions, where the beam probes deeper layers
beyond the absorber (data points with red circle). This allowed us to measure the thickness
of the deeper layers. As these data points are not deep enough to infer the Si/Mo multilayer
structure, we only used them for the characterization of the absorber, Ru, and Ru2Si3 layer
thicknesses. In Fig. 5, when the grazing incidence angle increases from 2.6 deg to 28.6 deg,
the probing depth of 9 nm illumination becomes deeper than the adjacent wavelengths, which
is due to the longer attenuation length of Pt at this wavelength. Pt is the dominant element in the
Pt-W absorber, and within the experimental wavelength range, it has the longest attenuation
length at 8.85 nm wavelength according to the CXRO database.22

3 Results and Discussions
In Fig. 5(a), we expected the data points with star markers to remain in the absorber layer after the
n and k optimization in the simulation, and the results shown in Fig. 5(b) confirmed that.
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Therefore, for all the wavelengths in the experiment, the intensity of the incident beam with the
grazing incidence angles smaller or equal to 16.6 deg drops by a factor of e2 within the absorber
layer. These combinations of wavelength and incidence angle are used in the absorber n and k
optimization procedure.

The complex refractive index of a material depends on the illumination wavelength, as
shown in Eq. (1). Figure 6 shows the result of absorber n and k optimization at each wavelength.
We used the initial values as the starting point to define the direct-search range with a �100%

variation, 1% step size for both n and k. Then, we narrowed the search range for n to �1.6% of
the initial value, with a step size of 0.02%, and the search range of k to �56% with a step size of
0.1% (colored areas in Fig. 6). The different range and step size are due to the different magni-
tudes of the n and k values. The optimal values for each of the wavelengths are marked with
circles in Fig. 6 within their own optimization range. The corresponding simulated sample reflec-
tance versus experimental result is shown in Fig. 7. The optimal absorber complex refractive
index was found by minimizing the RMS of the difference between the reflectance values
obtained from the model and the experiment. Therefore, with the procedure described in
Sec. 2.4, we can characterize the n and k values of different materials with the appropriate choice
of illumination wavelengths and grazing incidence angles.

After the characterization of the n and k values for the absorber layer, we observed that the
probing depth obtained with a wavelength of 9 nm and grazing incidence angles between
22.6 deg and 28.6 deg, as well as with a wavelength of 10 nm and grazing incidence angles
between 25.6 deg and 28.6 deg [data points with a red circle in Fig. 5(b) are beyond the
Ru2Si3 layer edge]. Therefore, we selected these wavelengths and incidence angles to extract

Fig. 5 Calculated probing depth when the intensity of the incident beam drops by a factor of e2 with
the sample layer thicknesses analyzed in Sec. 2.1. (a) Results with the initial absorber n and
k values. (b) Results with the characterized absorber n and k values according to Sec. 2.4.
The data points with red circles locate in the multilayer region and are used for thickness
characterization.

Shen et al.: Spectral reflectometry characterization of an extreme ultraviolet. . .

J. Micro/Nanopattern. Mater. Metrol. 041402-7 Oct–Dec 2024 • Vol. 23(4)



Fig. 6 Absorber n and k values versus wavelengths. Within the certain variation from the initial
values, the optimal n and k are obtained by fitting our model to the experimental data, as shown in
Fig. 7.

Fig. 7 Each subplot shows the reflectance as a function of the grazing angle of incidence for a
specific wavelength. The reflectance curves refer to the initial model, to the experimental data, and
to the model with optimized n and k values.
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the thicknesses of absorber, Ru, and Ru2Si3 layers. We used the thickness uncertainties men-
tioned in Sec. 2.1 as the variation ranges in the direct-search optimization process to get the
more accurate thicknesses. This ensures that the corresponding sample reflectance has the mini-
mum RMS difference compared with the experimental results, as shown in Fig. 8. As a geometric

Fig. 8 Sample reflectance of experiment (Expt) versus simulation (Sim) with the optimal n and k
values of absorber and optimal thicknesses of absorber, Ru, and Ru2Si3.

Fig. 9 (a) STEM image of few top layers of the sample stack. (b) The probing depth calculated with
the characterized absorber n and k , as well as the characterized thicknesses of the absorber, Ru,
and Ru2Si3 layers.
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property, the layer thickness is independent of the illumination wavelength, the RMS is calcu-
lated for all the data points in this figure, and not separately for each wavelength as we did before
for the n and k characterization. Once we obtained the characterized thicknesses of the first three
layers, we updated the sample model again and calculated the sample reflectance (Fig. 8) and
probing depth [Fig. 9(b)].

Figure 9(a) shows the STEM image of the sample stack. The intermixing layers of Ru2Si3
and MoSi2 are clearly visible. The magenta lines are the estimated edge profiles of the absorber,
Ru, and Ru2Si3 layers, which were used to calculate the thicknesses in the initial sample model,
as mentioned in Sec. 2.1. Figure 9(b) shows the beam probing depth with the sample model
updated with the new n and k values and the characterized thicknesses of absorber, Ru, and
Ru2Si3 layers. As there are only two data points below one period of the Si/Mo multilayer,
we kept the thicknesses of Si, Mo, andMoSi2 the same as analyzed in Fig. 2 and only optimized
the thicknesses of the absorber, the Ru capping layer, and the Ru2Si3 intermixing layer in the
simulation.

The comparison of the REGINE characterized layer thickness, the STEM measurement
and the original design dimension is shown in Table 1. The absorber layer thickness has a
14.2% difference compared with the designed value, which was also confirmed by the STEM
measurement. This difference most likely came from the inaccurate control of the deposition step
in the sample fabrication process. The REGINE characterized Ru capping layer is slightly thinner
than the designed and STEM values, which is due to the formation of the intermixing layer of
Ru2Si3 while depositing the Ru on top of Si. Notably, REGINE is designed for grazing incidence
sample analysis, and this sample would have been probed more efficiently with a close to normal
illumination setup. Thus to perform a more meaningful analysis of the multilayer, we would need
a sample without the absorber layer.

4 Conclusions
In this paper, we used the REGINE instrument’s reflectometry capability to characterize the
refractive index (n) and extinction coefficient (k) of an EUVattenuated phase-shifting photomask
blank’s absorber material. We measured the sample’s reflectance experimentally using a spectral
reflectometry approach at the grazing incidence angles less than 17 deg. Simultaneously, we
constructed a model of the sample and computed its reflectance using the TMM. Then, we
adjusted the refractive index (n) and extinction coefficient (k) values of the top layer (absorber)
in the model until the calculated reflectance closely matched the experimental data. The accurate
n and k values of the absorber material are then extracted from the model.

Furthermore, we showed how, by judiciously selecting the combination of illumination
wavelength and grazing incidence angle, we were able to adjust the probing depth of REGINE,
enabling the measurement of the thicknesses of the absorber layer, the Ru capping layer, and the
previously undefined Ru2Si3 intermixing layer. With a new sample featuring a thinner absorber
layer or without absorber, REGINE could probe even deeper, allowing inference of n and k
values of the intermixing layers and layer thickness within the Si/Mo multilayer structure.

Table 1 Sample layer thickness summary.

Layer Design (nm) STEM (nm) REGINE (nm)

Absorber 33 37.53� 0.25 37.7(6)

Ru 2.5 2.48� 0.37 2.1(2)

Ru2Si3 N/A 1.53� 0.38 1.5(1)

Si 4.2 1.86� 0.30 N/A

MoSi2 N/A 1.69� 0.30 N/A

Mo 2.8 1.94� 0.28 N/A

MoSi2 N/A 1.80� 0.29 N/A
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This versatility extends its application to the characterization of various parameters and opens
avenues for investigating other thin films and stacked structures, which will further contribute to
the research and development of alternative photomasks.

The results presented in this paper also highlight the potential of REGINE as a valuable
tool in the semiconductor industry, providing metrology for photomask and patterned wafer
manufacturing processes. Its ability to provide detailed material properties and layer thickness
information positions it as a valuable asset in the development of smaller, faster, and more
energy-efficient electronic devices through EUVL.
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