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ABSTRACT 

 
Coherent extreme-ultraviolet (EUV) light offers researchers 
chemical specificity and spatial resolution that is ideal for 
nanostructure metrology. Combining appropriate physical 
forward models that capture EUV light-sample interactions 
and propagation, the experimental data, and optimization 
routines, one can measure important parameters of 
nanostructured samples. In this paper, we discuss a unique 
instrument, designed to characterize the multilayer 
composition, geometry, topography, and interface quality of 
various nanostructured samples. We utilize the advantage of 
coherent EUV light and demonstrate three modes of 
characterizations, including reflectometry, scatterometry, and 
coherent diffractive imaging (CDI) reflectometry.  
 

Index Terms— Inverse problem, extreme-ultraviolet 
light, reflectometry, scatterometry, coherent diffractive 
imaging 

 

1. INTRODUCTION 

 

Modern semiconductors as well as quantum devices can 
benefit tremendously from characterization techniques that 
have nanoscale resolution, are non-destructive, and 
comprehensive enough to capture the relevant parameters of 
a sample [1,2]. As devices scale in size and incorporate 3D 
structures, the tolerance for imperfections in interfaces and 
multilayer fabrications become progressively more stringent. 
Standard characterization techniques within the industry 
include scanning electron microscopy (SEM), optical and x-
ray reflectometry and scatterometry, ellipsometry, atomic 
force microscopy (AFM), and scanning transmission electron 
microscopy (STEM). These techniques are sensitive to 
different device parameters, and often must be combined and 
conducted in parallel since no single metrology technique can 
capture all the important parameters. In this paper, we explore 
a unique characterization technique by combining 
reflectometry, scatterometry, and coherent diffractive 

imaging (CDI) reflectometry in a different range of 
wavelengths [3-5]. 

Coherent, extreme-ultraviolet (EUV) light has 
exceptional capabilities for characterizing the composition 
and structure of nanomaterials, achieve far higher resolution 
and contrast than is possible using visible light. The distinct 
response of different elements upon illumination with EUV 
light leads to elemental specificity (i.e. amplitude and phase 
contrast) [6]. And the use of shorter wavelength, in 
combination with coherent diffractive imaging (CDI), where 
the spatial resolution is only limited by the numerical aperture 
(NA).  

Here we present a tabletop EUV imaging reflectometer 
for high-fidelity metrology of nanostructures. The 
reflectometer is capable of three measurement modes: 
intensity reflectometry, scatterometry, and coherent 
diffractive imaging reflectometry. In each mode, the reflected 
EUV light is collected on a CCD camera. To analyze the 
reflected signal, an appropriate forward model of the EUV 
light-sample interaction and propagation is utilized and 
combined with an optimization of the model parameters to fit 
to the experimental reflection data. By solving the inverse 
problem of sampler determination from the collected EUV 
reflection, we are able to determine sample parameters with 
elemental specificity and high spatial resolution. The samples 
chosen for measurement and analysis highlight the 
applicability of EUV metrology to a wide range of 
semiconductor and material science systems [3,4]. 
 

2. EXPERIMENTAL SETUP: REFLECTOMETER 

 

Figure 1(a) shows a simplified schematic of the 
experimental setup of the tabletop EUV reflectometer. A 
modelocked Ti:sapphire laser of 795 nm center wavelength, 
80MHz repetition rate, and 5 nJ pulse energy seeds a 
Ti:sapphire regenerative amplifier (KMLabs Wyvern HP), 
which then outputs a pulse train of 795 nm center wavelength, 
38 fs pulse duration, 3kHz repetition rate, and up to 2.6 mJ 
pulse energy.
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Figure 1. Multi-modal extreme ultraviolet tabletop reflectometer setup. (a) 
Schematic of the entire beam line. (b) Schematic of the reflectometer end station. 
Degrees of freedom that are controllable under vacuum are indicated by pink 
arrows. (c) Zoom-in of the end station from a different angle, showing that the 
reflected beam from the beam splitter (“reference beam”) is directed straight to 
the camera to act as a reference beam; the transmitted beam reflects off the sample 
(“sample beam”). Figure adapted from [3]. 

The ultrafast laser pulse is focused into either a hollow-
core waveguide or a semi-infinite gas cell to generate high 
brightness at photon energies spanning 30-100 eV depending 
on various source and generation parameters. 

The rest of the beam line is kept at vacuum of 10-5 Torr 
or better to prevent absorption of the EUV light in air. After 
two rejector mirrors set at the Brewster angle of the IR driving 
laser and two adjustable filter enclosures, the EUV light 
enters the experiment end station, which is shown in Figure 
1(b).  

Inside the end station, the EUV light is further selected 

by a pair of 45° angle-of-incidence multilayer mirrors and 
into the custom ellipsoidal optic, focusing onto the sample 

with a demagnification of 22 times and a spot size of ~3 µm.  
The sample is mounted on a customized stack of stages that 
allow for 3D linear translation and sample in-plane rotation 
for navigation, orientation, and scanning, as well as a rotation 
around the vertical axis (viewed from the perspective of 
Figure 1(b)) to change the angle of incidence of the EUV light 
onto the sample. 

The light is then collected by the in-vacuum CCD EUV 
camera, which is mounted on a rotation stage that rotates with 

the sample angle-of-incidence in a θ-2θ configuration, 
maintaining the reflected/diffracted EUV light on the camera 
as the angle-of-incidence is changed. 
 

 

3. INTENSITY REFLECTOMETRY 

 
The first mode of characterization we explore is intensity 

reflectometry, where we measure the specular reflectivity of 
the EUV beam illuminating a transversely uniform sample as 
a function of the incidence angle. Here, the goal is to 
characterize layer thicknesses, surface and interface 
roughnesses, and other material parameters such as mass 
density, etc. 

For intensity reflectometry measurements, we insert a 50 
nm thick Si membrane coated with 3 nm of Pt on a rotation 
stage between the focusing ellipsoidal optic and the sample 
stage stack, as shown in Figure 1(c). The coated membrane 
serves as a beam splitter that diverts part of the incident beam 
away from the sample and onto a corner of the CCD camera 
directly. This greatly improves the stability of reflectivity as 
we have a reference beam for normalization. As discussed in 
previous published work, we can achieve RMS stability that 
is very close to the shot noise limit in this configuration [3]. 

In this inverse problem, the physical forward model of 
light-sample interaction can be effectively generated using 
the Parratt formalism. The light-matter interaction of EUV 
photons is dominated by the core-shell electrons. Hence, the 

index of refraction � depends only on the number density of 
each elemental species and can be calculated using pre-
characterized elemental scattering factors [6]: 

 

� � 1 � � � �� � 1 � �	
2� �
 � �����,� � � �
,��

�
. �1� 

Here, �	  is the classical electron radius, � is the wavelength 

of the light in vacuum, �� is the number of atoms of type � 

per unit volume, and ��,� and �
,� are the real and imaginary 

parts of the unitless atomic scattering factor for that type of 
atom. The scattering factors are tabulated in multiple 
databases including the Center for X-ray Optics (CXRO), 
which is the one we use in this experiment [7]. 

 
Figure 2. Intensity reflectometry on a 100 nm Au thin film on Si substrate. 
The measured reflectivity (black datapoints) and the theoretical solution fit (solid 
light green). Additional theoretical curves calculated from the found solution with 
varied surface roughness are also shown in dotted lines. Inset: cross-sectional 
sample schematic and solved parameters (surface roughness and density of the Au 
layer). Figure adapted from [3].
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Then, the index of refraction is used in Parratt formalism 
calculations to predict the complex reflectivity from a 
transversely uniform region or a large structure (i.e., with a 
width many times the wavelength). This formalism calculates 
both the amplitude and the phase of the reflected (or 
transmitted) wave as it irradiates a multilayered stack at a 
given incidence angle and wavelength. Additionally, Parratt 
formalism permits the use of Névot-Croce factors to 
approximate the effect of surface and interface roughness on 
reflectivity [8-10]. 

Figure 2 shows the measured reflectivity from a gold thin 
film sample as a function of the incidence angle. One thing to 
note is that the use of the beam splitter effectively account for 

incident beam power fluctuation, giving error bars of ~0.1%. 
In this use case, the model of the Au thin film is parametrized 
by the surface roughness and the mass density of the gold.  
 A multi-variable optimization scheme is then used to fit 
our model to the measured data. While many such algorithms 
exist, we use the genetic algorithm, which is an optimization 
method that is based on natural selection, with MATLAB’s 
ga() function. The genetic algorithm has been shown to work 
well with X-ray Reflectivity (XRR) measurements due to its 
robustness and ability to find the global minimum when many 
local minima are present in the error landscape. Additionally, 
we can run the algorithm multiple times with different sets of 
initial populations to verify that the found solution is indeed 
the global minimum [11,12].  
 After running the genetic algorithm and verifying the 

results, we report that the fitted model parameters are 1.5 �� 

for the Au surface roughness and 18.5  /"�#  for the Au 
mass density. Moreover, the parametrized model 

demonstrates great sensitivity ( $ 1 �� ) in the surface 
roughness, as shown in different colored curves in Figure 2. 

 

4. SCATTEROMETRY 

The second mode is scatterometry, where we measure 
the diffraction efficiencies at some or many diffracted orders 
as functions of the incidence angle, using just one 
wavelength. 
 The physical forward model for this mode entails not 
only the IMD calculator but also the Fourier Optics 
component that takes into the account the transverse 
geometry of the sample as well as the propagation [13]. 

As a demonstration, we measured Ni line gratings with a 
nominal 100 nm linewidth, 400 nm period, and 12.9 nm 
height patterned using electron lithography on a polished 
sapphire substrate. As shown by Figure 3, detailed material 
parameters such as line edge roughness as well as some 
unexpected features were extracted by solving for the inverse 
problem related to the diffraction efficiencies. Using the same 
optimization routine, we are able to extract the width and line 
edge roughness of the main grating, and the width and height 
of the pedestal. Furthermore, we   can achieve sub-nanometer 
confidence intervals for the grating width, line edge 
roughness, and the pedestal height. 
 The forward model mentioned above only works for 
sufficiently thin sample, with nanostructures that are short 
compared to the wavelength of the light. When the structures 
of a sample become comparably tall relative to the 
wavelength of illumination, the propagation models of 
Fourier optics are no longer accurate as they do not account 
for the explicit 3D nature of the sample. Therefore, for such 
samples, a more accurate electromagnetic solver must be 
used to model the observed diffraction patterns. Rigorous 
Coupled Wave Analysis (RCWA) is used for the 
characterization of polymer-based optical metasurface 
samples we received from a collaborator [14,15]. These 
samples feature hole structures that have high aspect ratio. 
The depths of these holes reach many times the wavelength 
of our illumination. Preliminary fits to the diffracted first-
order efficiency as well as the models of the two different 
hole structures are shown in Figure 4. 

Figure 3. Scatter-reflectometry on Ni line gratings on a sapphire substrate. (a) Cross-sectional sample schematic and solved parameters. (b) Atomic force microscopy 
image of the sample. (c–f) 1st, 2nd, and 3rd order EUV diffraction efficiency as a function of the incidence angle, and best fits obtained for: (b) simple rectangular grating; 
(c) grating with line edge roughness (LER); (d) grating with pedestal; and (e) grating with LER and pedestal. Figure adapted from [3]. 
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Figure 4. Polymer Metamaterial Fits and Models. (Left) First order diffraction 
efficiency. Data and RCWA model fits for samples S2 and S4. (Right Top) S2 
model cross-sectional visualization showing the computational layers and color-
coded layer compositions. (Right bottom) S4 model cross-sectional visualization 
showing the computational layers and color-coded layer compositions.  

 

5. COHERENT DIFFRACTIVE IMAGING 

REFLECTOMETRY 

 
 The third mode is coherent diffractive imaging 
reflectometry, where quantitative imaging of the sample’s 
complex reflectivity (both amplitude and phase shifts upon 
reflection) is achieved through ptychography, and subsequent 
device parameters were extracted using reflectometry.  
 Ptychography solves the phase retrieval inverse problem 
by collecting far-field intensity of the diffraction patterns 
through raster scanning and solving for the missing phase 
information through an iterative algorithm [16-19]. As 
ptychography extracts the complex-valued reflectance of the 
sample, we can repeat this process at multiple angles of 
incidence. In particular, the phase of the light upon reflection 
exhibits high sensitivity to the elemental composition and 
surface topography. Therefore, by combining ptychography 
with reflectometry, we can perform reflectometry in a 
spatially resolved manner, i.e., imaging reflectometry [4].  

We demonstrated imaging reflectometry on a calibrated 
AFM test sample from BudgetSensors (CS-20NG-UM) that 
contains SiO2 structures on Si substrate. Solving the inverse 
problem of phase retrieval, we were able to extract both the 
amplitude and phase information of the sample with good 
spatial resolution within a field of view of about 10 um. From 
the phase shift images, we can select representative areas of 
the structured and substrate regions to measure the angle-
dependent phase shifts across the two types of sample 
regions. Using our Parratt formalism calculator, a model of 
each sample region is constructed with parameterized SiO2 
structure height and the (passive) SiO2 top layer thickness on 
the substrate. The model is then wrapped within a genetic 
algorithm optimization to fit the predicted and measured 
phase shifts with respect to sample parameters. The sample 
schematic, CDI reconstructions at each angle measured, and 
fit phase shift measurement is shown in Fig. 5. The measured 
SiO2 thickness was 3.0 nm and the measured structure height 
was 20.1 nm. Both measurements are determined with sub-

nm confidence intervals and are in good agreement with 
manufacturer provided specifications (2.5 and 20.8+-0.4 nm 
respectively).  

 
Figure 5. Imaging reflectometry on SiO2 structures on a Si substrate. (a) 
Sample schematic and the two measured parameters. (b) Ptychographic 
reconstruction of the sample at 24 degrees from grazing. The brightness 
corresponds to the amplitude and the hue to the phase, as indicated by the color 
wheel, which is shared with (c). The white dotted rectangle indicates the cropped 
region for (c) and corresponds roughly to the area covered by the 1/e2 extent of 
the probe. (c) Center area of the ptychographic reconstructions taken at 11 
incidence angles. Black and white rectangles shown in the 19-degree 
reconstruction indicate the pixels used in regions on the structure and the substrate 
respectively to calculate the phase-step curve. (d–e) The measured phase step 
between the structure and the substrate (black datapoints), and the theoretical 
solution fit (solid light green). Also shown are the theoretical curves calculated 
from the found solution with varied substrate SiO2 thickness between 1.5 and 4.5 
nm in 0.25 nm increment in (d), and varied structure height between 18.0 and 22.5 
nm in 0.3 nm increment in (e). Figure adapted from [3]. 
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