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Next-generation semiconductor, quantum, and spintronics devices are becoming more complex, as the
demand for smaller features necessitates three-dimensional architectures. In order to characterize these
nanostructures, there is a growing need for quantitative, high-resolution, and non-destructive metrology
techniques of surfaces, interfaces, layers, as well as depth-dependent composition and dopant levels. We
present a solution to this challenge: an extreme ultraviolet (EUV) complex imaging reflectometer, which
uses EUV light from a table-top high harmonic generation source to image the spatially-dependent
complex reflectivity of a sample at many incident angles. By mapping the reflectivity versus incident
angle for different regions of the sample, it is possible to determine quantities such as thin film layer
thicknesses, chemical composition, interfacial region, and dopant profiles. We expect this new tool to
have applicability in a broad range of material science and technology.

Imaging using EUV and X-ray light has unique and powerful capabilities: by combining coherent EUV
sources with coherent diffraction imaging, it is now possible to image with high transverse and axial
resolution — essentially achieving diffraction-limited imaging at short wavelengths for the first time [1].
Ptychography is a powerful implementation of CDI, where a scanning beam and the sample are
deconvolved using the data redundancy that arises from spatially overlapping the scan positions [2].
Moreover, EUV light penetrates materials that are opaque to visible light, making it possible to image
buried structures and interfaces [3-6]. In addition, the EUV complex reflectivity of a sample is very
sensitive to chemical composition, making this wavelength regime particularly suited for reflectometry
applications.

Using our EUV imaging reflectometer shown schematically in Fig. 1, we ptychographically imaged a
modified semiconductor industry test sample with spatially varying surface structures and dopant
profiles, at many incident angles. The microscope was illuminated by coherent EUV beams at a
wavelength of 30 nm from a table-top high harmonic generation source (a modified KMLabs XUUS).
An example reconstructed images at an incidence angle of 25 from grazing is shown in Fig. 1(c).
Ptychography reconstructs amplitude and phase of the object, which gives valuable information for
reflectometry since phase is often more sensitive to surface topography and chemical composition than
the absolute reflectivity. A genetic algorithm was used to solve for the structure thicknesses, interface
quality, and depth-resolved chemical composition of the sample that match the reflectance versus
incident angle curves from several parts of the sample. The reconstructed depth-dependent chemical
composition is shown in Fig. 1(d). The solved-for parameters generally agreed with the sample design
parameters and measurements made by an AFM, SIMS, HAADF-STEM and EDS. Notably, it was
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necessary to use multiple measurement techniques to confirm all the variables that our model could
simultaneously solve for [7].
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Figure 1. EUV complex imaging reflectometery experiment. (a) The experimental setup schematic. (b)
The sample, with Si3N4/SiO» structures atop Si substrate, with spatially varying degrees of As doping.
(c) Ptychographic phase image of the sample at 25° from grazing; inset showing the high-fidelity region
near the scan extent. (d) Reconstructed depth-dependent chemical composition of a structure on a highly
doped region.
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