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ABSTRACT: Semiconductor metalattices consisting of a linked network of
three-dimensional nanostructures with periodicities on a length scale <100 nm
can enable tailored functional properties due to their complex nanostructuring.
For example, by controlling both the porosity and pore size, thermal transport in
these phononic metalattices can be tuned, making them promising candidates for
efficient thermoelectrics or thermal rectifiers. Thus, the ability to characterize the
porosity, and other physical properties, of metalattices is critical but challenging,
due to their nanoscale structure and thickness. To date, only metalattices with
high porosities, close to the close-packing fraction of hard spheres, have been
studied experimentally. Here, we characterize the porosity, thickness, and elastic
properties of a low-porosity, empty-pore silicon metalattice film (∼500 nm
thickness) with periodic spherical pores (∼tens of nanometers), for the first time.
We use laser-driven nanoscale surface acoustic waves probed by extreme
ultraviolet scatterometry to nondestructively measure the acoustic dispersion in these thin silicon metalattice layers. By comparing
the data to finite element models of the metalattice sample, we can extract Young’s modulus and porosity. Moreover, by controlling
the acoustic wave penetration depth, we can also determine the metalattice layer thickness and verify the substrate properties.
Additionally, we utilize electron tomography images of the metalattice to verify the geometry and validate the porosity extracted
from scatterometry. These advanced characterization techniques are critical for informed and iterative fabrication of energy-efficient
devices based on nanostructured metamaterials.
KEYWORDS: metalattice, porosity, mechanical properties, high harmonics, laser, acoustic metrology

■ INTRODUCTION
Nanostructured materials can exhibit exotic properties and
behaviors that enrich the landscape of bulk materials, due to
the increased influence of surfaces,1−3 geometry,4−6 and
interfaces.7 The novel physics that governs these systems
arises because the nanoscale features are on the same
characteristic length scales as the fundamental energy carriers,
such as phonons, electrons, and magnons. In particular,
phononic crystals�periodic structures with a specific
symmetry embedded in an elastic medium�represent a
promising route for engineering sound and heat flow for a
variety of applications.8,9 By manipulating the phonon behavior
using periodic scattering features, recent studies have
demonstrated that phononic crystals can advance efficient
thermoelectric devices,10 interfacial transport materials,11

thermal diodes and rectifiers,12 ultralight high-strength
materials,13 and even “phonon lasers”.14 Thus, experimentally
accessing and theoretically predicting the behaviors and

properties of nanoscale phononic crystals is critical for
incorporating them into new technologies yet challenging
due to their feature sizes on the order of tens of nanometers.

Metalattices are a type of 3D phononic crystal consisting of
periodic nanospheres embedded in a host medium. With
periodicity well below 100 nm, metalattices contain single-
nanometer-scale feature sizes, distinguishing them from inverse
opals, which are analogous materials on much larger scales.
Due to their deep nanoscale features, they exhibit unique
material behaviors; for example, metallic metalattices possess
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multiple topological magnetic phases,2,3,15,16 while semi-
conductor metalattices display tunable thermal and mechanical
properties. Nanostructured metalattices are created by first
assembling silica nanospheres into colloidal crystal thin films
and then infiltrating the interstitial space with a different
material, such as Ni or Si. The nanospheres can then be
removed and more material can be infiltrated to further reduce
the porosity (re-infiltration), resulting in a complex network of
metallic or semiconductor material. Thus, these types of
phononic crystal thin films provide a unique structure with
independently adjustable porosity and nanoscale periodicity.

Recent studies have demonstrated that semiconductor
metalattices can exhibit tunable thermal transport properties.
Specifically, previous theoretical work predicted that semi-
conductor metalattices with deep nanoscale dimensions can
drastically reduce thermal conduction, while possibly leaving
electric conduction unaltered, which is optimal for the design
of efficient thermoelectric devices.10,17 More recently, Chen et
al. predicted and measured the thermal properties of silicon
metalattices, both with and without the silica nanosphere
template, finding that ballistic phonon behavior dominates in
these systems.12 Moreover, the authors demonstrated that
porosity and pore size in metalattices greatly alter both the
thermal conductivity and phonon spectrum relevant to thermal
transport;12 therefore, semiconductor metalattices with a
tunable geometry and porosity will allow for the development
of novel thermal devices.

However, while the primary application of semiconductor
metalattices is tailored heat flow, the mechanical properties
and porosity of these nanostructured thin films are just as

critical for incorporation into devices. If metalattices are
potential thermoelectric materials, then they must also possess
substantial mechanical strength as poor mechanical properties
can lead to device failure and prohibit shrinking device
size.18,19 For example, potential thermoelectric materials such
as Bi2Te3 and PbTe have poor mechanical properties that limit
their applications19 which has sparked research into enhancing
these materials’ mechanical properties.20,21 Additionally, the
porosity greatly influences the resulting mechanical and
thermal properties of these nanosystems (and is often required
as an input by experimental measurement techniques) making
it another key parameter to characterize.12,22

However, the properties�thermal, mechanical, and struc-
tural�of tunable, low-porosity metalattices have not yet been
experimentally accessed. Recently, we nondestructively char-
acterized the mechanical and structural properties of silica-
filled silicon metalattices, observing that these systems’
properties follow continuum predictions.22 However, both
this work and the study by Chen et al. exclusively examined
semiconductor metalattices with fixed high porosities (or low
filling fraction) near the close-packing fraction of hard spheres,
where the porosity is known. For low-porosity metalattices
fabricated by re-infiltrating semiconductor material after
removal of the nanosphere template, the porosity is tunable
and cannot yet be predicted or assumed based on the
fabrication parameters. Thus, characterizing the porosity will
be critical to future studies of tailored heat flow in low-porosity
semiconductor metalattices.

Porosity can be extracted by a variety of methodologies, but
is especially challenging to measure in porous thin film systems

Figure 1. (a) Fabrication of the silicon metalattices. We assemble colloidal solutions of ∼30 nm silica nanospheres into a close packed template film
on a silicon substrate. Silicon is infiltrated into the interstitial regions of the template using high-pressure confined chemical vapor deposition. The
silica nanospheres are then etched away with hydrofluoric acid vapor. The porosity was reduced below the limit of close-packing spheres by
infiltrating silicon a second time. We anneal the sample to crystallize the infiltrated amorphous silicon and utilize reactive ion etching to remove the
silicon overlayer after each infiltration. An idealized model of the high-porosity metalattice unit cell is shown. (b) Porosity characterization from
scanning transmission electron microscopy. To remove noise, the tomography data set is sliced into 2D images which are smoothed and sharpened
by the anisotropic diffusion and unsharp mask sharpening filters, respectively. The 3D tomography image is then segmented using three different
algorithms: global and local thresholding and k-means clustering. In the resulting image, the black pixels correspond to silicon and the white to
void.
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where the voids may (or may not) be interconnected.23

Experimental techniques sensitive to porous thin films include,
but are not limited to, visible ellipsometry24 and interferom-
etry,25 X-ray reflectometry, spectrometry,26 and scattering,27

electron microscopy, adsorption porosimetry,28 ellipsometric
porosimetry,29 and positron annihilation lifetime spectrosco-
py.30 Adsorption porosimetry is often considered to be the
reference analytical approach; however, thin films are
challenging to characterize by this method because it often
requires a sufficient quantity of a powdered form of the
material.23,31 Additionally, visible laser-based techniques
typically implement effective medium theories which assume
a homogeneous material.23,31 Moreover, approaches that
infiltrate a gas or liquid are more suited for systems with
interconnected pores, whereas electron microscopy requires
cutting electron transparent lamellae from the sample. Thus,
nondestructively extracting porosity in thin, nanostructured
films with isolated, nanoscale pores is a challenging problem
which prohibits the efficient, iterative engineering of nanoscale
metalattices. Therefore, better metrology techniques well-
suited to probe the mechanical and structural properties of
complex, nanostructured systems with feature sizes on the tens
of nanometer scale are of paramount importance.

In this work, we harness coherent extreme ultraviolet (EUV)
beams to nondestructively extract, for the first time, Young’s
modulus, film thickness, and porosity of a low-porosity silicon
metalattice thin film�a complex 3D nanoscale network with
re-infiltrated material resulting in a tunable geometry and
interconnectivity which cannot be predicted. We launch
nanoscale surface acoustic waves (SAWs) from laser-excited
periodic transducer arrays and precisely monitor their
dispersion using dynamic EUV scatterometry. The short
wavelength of the EUV light allows us to detect short
wavelength SAWs in the hypersonic frequency range which are
fully confined to the thin silicon metalattice layer. By
comparing the measured frequencies to different finite element
models of the metalattice structure, we simultaneously extract
Young’s modulus and porosity, for the first time. By controlling
the SAW penetration depth, we also measure the metalattice
layer thickness and verify the substrate properties. Additionally,
we utilize electron tomography images of a lamella cut from
the sample to observe the geometry, porosity, and film
thickness, as well as to validate our scatterometry results. This
work demonstrates that the correlation and corroboration of
advanced characterization techniques is critical for informed
and iterative fabrication of devices based on nanostructured
metamaterials.

■ METHODS: SAMPLE FABRICATION
We fabricate thin films of a silicon metalattice with empty pores on
the surface of a crystalline silicon substrate. We first synthesize a silica
nanosphere template by assembling monodispersed silica nanospheres
with sphere radii of 30 nm into a close packed template on a silicon
substrate using a vertical deposition technique.32,33 The parameters of
this fabrication technique create a template which varies in thickness
(250−2000 nm) across the substrate. We infiltrate the interstitial
regions of the silica template with silicon using high-pressure confined
chemical vapor deposition15 until a silicon overlayer is formed to
ensure complete filling of the template voids. This overlayer and the
silica nanosphere template are removed using reactive ion etching and
hydrofluoric acid vapor, respectively. The resulting sample is a high-
porosity, empty-pore silicon metalattice with a complex network of
larger volumes of silicon, often referred to as “meta-atoms”, connected
by thin necks called “meta-bonds”.15,22 A unit cell of the high-porosity

metalattices is shown in Figure 1a. More fabrication details on these
samples can be found in Chen et al.12 In these high-porosity
metalattices, the voids can be assumed to be close-packed and thus
the porosity and geometry are well-known. However, unlike the
previous studies by Chen et al.12 and Abad et al.,22 we re-infiltrate the
high-porosity metalattice with silicon using the identical high-pressure
confined chemical vapor deposition process for an additional 30 min
after the nanosphere template had been removed. This re-infiltration
creates a silicon overlayer which we remove using reactive ion etching.
We then crystallize the metalattice by annealing, as described in Chen
et al.12 This re-infiltration process alters the structure of the
metalattice and thus the sample’s pore size, porosity, and the
interconnectivity of the voids are unknown and require character-
ization; only the periodicity of the pores remains unchanged during
the re-infiltration process. Figure 1a summarizes the fabrication steps.

■ METHODS: ELECTRON TOMOGRAPHY
To investigate the structure and uniformity of the sample and validate
the porosity extraction via our dynamic EUV measurement, we
perform high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) tomography on a focused ion beam
prepared lamella of low porosity, that is, re-infiltrated silicon
metalattice. After acquiring a single-axis tilt series of the sample, we
denoise, align, mask, and bin the images to increase image fidelity,
account for sample drift, and reduce the data size. The series of
projections is computationally reconstructed via the GENFIRE34

algorithm, resulting in a 3D image of 512 x 512 x 512 voxels. We
verify that the resolution of the reconstructed image is limited to the
voxel edge length�1.43 nm�via Fourier ring correlation analysis
with a 1/2-bit threshold as suggested by previous work.35 To avoid
geometric artifacts that arise from the sample geometry, data
collection scheme, and Fourier reconstruction method,36 we crop
the reconstructed image to the central 251 x 219 x 125 voxels. Figure
1b displays a slice of the resulting cropped 3D image. See Supporting
Information, Section S1 for more details on the electron tomography
data acquisition, pre-processing, and reconstruction.

We post-process and segment the resulting 3D image to extract the
structure and porosity of the metalattice sample. We perform
smoothing and sharpening on individual 2D slices of the 3D
tomography data set via anisotropic diffusion37 and unsharp mask
sharpening algorithms, respectively, to reduce noise in the image
without removing edges.38 To identify components in the image as
silicon or void, we utilize three different segmentation algorithms
implemented in MATLAB:39 global thresholding via Otsu’s
algorithm,40 local (or adaptive) thresholding,41 and k-means
clustering.42 Figure 1b illustrates the steps in the post-processing
procedure. Utilization of different segmentation algorithms allows us
to ensure that there are no biases in the analysis as a result of the
algorithm choice.43 Because the scanning transmission electron
microscope acquired high-angle annular dark-field images, we note
that dark regions in the original reconstruction represent areas of low
density. In the segmented reconstruction, regions characterized as
silicon are represented by black, whereas voids are indicated by white,
as shown in Figure 1b.

We perform further analysis on the reconstructed 3D image and 2D
projections to quantify the geometry of the metalattice structure. We
verify the periodic pattern of the holes from a 3D Fourier transform.
We quantify the periodicity by fitting ellipses to contiguous voids�in
both 2D slices of the 3D segmented image and 2D segmented
projections before reconstruction�and calculating the separation of
the fitted ellipse centroids. We also extract pore size and distribution
from these fitted ellipses by calculating the equivalent diameter.
Additionally, we extract the pore size and distribution from the 3D
images (rather than the 2D projections) by further segmenting the
segmented 3D reconstruction to identify individual voids via a
watershed transform.44 An algorithm fits ellipsoids to individual voids
identified by the watershed transform and we estimate a pore size
from the equivalent diameter of the fitted volumes. The 2D
projections of the metalattice lamella allow for simple extraction of
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the film thickness. By cutting a lamella from the sample at three
different positions on the surface, we monitor the variation of the
metalattice thickness across the substrate, which arises from the
nanosphere assembly process.32 During this analysis, we observe a
thin polycrystalline silicon layer on the surface of the metalattice,
which most likely arose from an incomplete removal of the overlayer
during the reactive ion etching after the silicon re-infiltration. This
layer also varies in thickness across the sample, which we quantify by
analyzing the projection images from the three separate lamellae. See
Supporting Information, Section S2 for more details on the electron
tomography analysis.

■ METHODS: EUV SCATTEROMETRY
To nondestructively extract the porosity, structural, and elastic
properties, we utilize dynamic EUV scatterometry which we

previously demonstrated to be a versatile tool in accessing the
properties of high-porosity, silica-filled silicon metalattices22 and
ultrathin dielectric films45 and bilayers.1 Dynamic EUV scatterometry
uses a short-wavelength probe laser to detect hypersonic SAWs, which
are selectively sensitive to the near-surface elastic properties. To
launch the SAWs, we fabricate periodic arrays of Ni nanolines ranging
in line width (L) from 50 to 1000 nm and periodicity (P) from 200 to
4000 nm on the surface of the Si metalattice sample. Our technique
possesses similarities to picosecond ultrasonics,46,47 a versatile visible-
laser-based method capable of nondestructive mechanical character-
ization of thin films independent of substrate properties; however, our
technique utilizes a tabletop short-wavelength probe to access SAWs
launched by gratings beyond the diffraction limit of visible light. We
utilize electron beam lithography to fabricate grating arrays of
different geometries on the sample surface (via the procedure and

Figure 2. (c) EUV scatterometry accesses SAWs in metalattices. The sample consists of a silicon metalattice layer with 10s of nanometer pores
grown on top of a thick crystalline silicon substrate. The surface of the metalattice is covered with a thin 10−20 nm polycrystalline silicon (poly-Si)
layer. On the surface of this layer, we fabricate periodic arrays of nickel nanostructures with line widths and periodicities between 50−1000 and
200−4000 nm, respectively. An ultrafast infrared pump pulse, with a wavelength ∼800 nm and a ∼30 fs pulse duration, directed onto the sample is
preferentially absorbed by these metallic gratings, which induces an impulsive thermal expansion launching acoustic waves into the sample below.
The resulting SAW has a wavelength (λSAW) equal to the periodicity of the grating. The SAW penetration depth is ∼λSAW/π, allowing us to probe
different depths in the sample. At a set time delay after the laser pump pulse, an EUV probe pulse with a ∼30 nm wavelength and pulse duration
<10 fs diffracts from the structured surface. (a) We monitor the change in diffraction efficiency of the EUV beam to detect small surface
deformations in the sample and grating induced by the SAWs . (b) A chirp Z-transform of the experimental diffraction signal identifies the precise
frequency of the standing SAWs launched by the gratings. Because the SAW wavelength is known and the frequency is measured, the acoustic
dispersion can be mapped using gratings of different periodicities, allowing us to access the elastic and structural properties of the sample. We note
that some chirp Z-transforms include multiple peaks corresponding to higher harmonics of the fundamental SAW.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c09360
ACS Appl. Mater. Interfaces 2022, 14, 41316−41327

41319

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09360/suppl_file/am2c09360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


methods detailed in Supporting Information of ref 22). We verify the
nanoline array geometries, that is, L, P, and height, via atomic force
microscopy (AFM), as shown in Supporting Information, Section S3.

An ultrafast, infrared laser pump pulse with a wavelength of ∼800
nm and a pulse duration of ∼30 fs is incident on the sample surface at
a 45° angle, where it is preferentially absorbed by the metallic gratings
(see Figure 2c for the setup). The pump laser induces a rapid heating
accompanied by an impulsive thermal expansion. This coherent
excitation of periodic structures launches a SAW with wavelength
(λSAW) set by the period of the grating. The SAW penetration depth
(δSAW) and thus its sensitivity to near-surface properties, is directly
related to its wavelength as δSAW ∼ λSAW/π.48 Therefore, by
controlling the periodicity of the nanostructure arrays, we directly
alter the depth sensitivity of the acoustic waves, that is, large period
gratings are predominantly sensitive to the substrate properties,

whereas short period gratings are only sensitive to the metalattice
properties.22,45

To observe the SAWs, a coherent EUV probe beam monitors the
temporal evolution of the surface displacement caused by the acoustic
waves. We generate the EUV beam by focusing ∼1 mJ, 30 fs infrared
pulses (derived from the same laser as the pump beam) into a hollow-
core capillary filled with 30 Torr of Ar. An extreme quantum
nonlinear process known as high harmonic generation upconverts the
infrared light into coherent beams of ∼30 nm wavelength and <10 fs
pulse duration.49 The short wavelength of these probe pulses is
exquisitely sensitive to picometer displacements of the surface50 and
can scatter from acoustic waves with wavelengths of 10s of
nanometers.51 An EUV-sensitive CCD camera collects the probe
light diffracted from the dynamically deforming sample surface, while
a mechanical stage controls the time delay between the pump and
probe pulses (see Figure 2c for a schematic of the setup).

Figure 3. (a) Metalattice dispersion calculation. We use FEA to calculate the metalattice dispersion by computing the modal eigenfrequencies (ω)
of the unit cell with a varying wavevector (k). The longitudinal (Vl) and shear (Vs) acoustic wave velocities can be extracted by a linear fit of the
lowest order branches. (b) Predicted metalattice elastic properties. We predict Young’s modulus and Poisson’s ratio as a function of porosity, for
different metalattice geometries. We simulate five different models of the geometry: (i) an isolated model with entirely separate spherical voids
(dark blue at low porosity), (ii) an overlapped model with overlapping spherical voids (light blue at high porosity), and an interconnected model
where separate spherical voids are interconnected with perfect cylindrical channels of varying radius�(iii) 2 nm (green), (iv) 3 nm (orange), and
(v) 5 nm (red). At sufficiently high porosity, all interconnected models limit to the overlapped model when the spherical overlap diameter is greater
than the cylindrical interconnection diameter. Additionally, the porosity for the interconnected model is limited when the geometry is entirely
composed of cylinders. (c) SAW-likeness of full sample structure simulations. We calculate the observed SAW frequency via a full sample structure
simulation. In this example, we show the SAW-likeness curves for a grating geometry with a nominal line width (L) of 100 nm and a nominal period
(P) of 400 nm with elastic properties specified by the isolated pores curve from (b) with porosities of 20% (light blue), 39.5% (blue), and 50%
(dark blue). In this case, a porosity of 39.5% is the best fit to the experiment, as the SAW-likeness peak matches the experimentally extracted
frequency (gray bar). (d) Eigenfrequency mode shape. We display the SAW mode shape corresponding to the peak value of the SAW-likeness
metric for a grating with L ≈ 100 nm and P ≈ 400 nm on a 20% porosity, isolated pores metalattice model. The colors indicate the magnitude of
the displacement on an arbitrary scale. We note that the SAW energy (which is related to the square of the displacement) is confined to the surface
and within the metalattice film.
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By analyzing the time-dependent diffraction of the EUV probe
beam off of the dynamic surface deformation, we can directly measure
the frequency of hypersonic SAWs with penetration depths set by the
various grating periods. By aggregating CCD images of the probe
diffraction, we compute the normalized change in diffraction
efficiency52 as a function of time delay, which is plotted in Figure
2a for five different nanoline grating periods: P = 4000 nm, P = 2000
nm, P = 800 nm, P = 400 nm, and P = 200 nm. The oscillations in
these time signals correspond to oscillations in the surface
displacement induced by the propagating SAWs. We compute a
chirp Z-transform, a generalization of the discrete Fourier transform
along a contour that is not the unit circle, of these time traces, which
is shown in Figure 2b. The highest amplitude/lowest frequency peaks
in each transform indicate the fundamental SAW frequency (λSAW =
P), whereas the smaller amplitude/higher frequency peaks arise from
higher harmonics of the fundamental SAW (because the excitation is
not purely sinusoidal). We note that the higher frequency peaks tend
to be broader due to the higher damping of the SAW because the
acoustic wave is more strongly scattered by the grating.53,54 We know
the wavelength of the fundamental SAW, as it is set by the periodicity
of the grating. We confirm this by observing that the first EUV
diffraction order predominantly contains the fundamental SAW
temporal frequency, indicating that the spatial frequency of the
wave is identical to that of the grating. Thus, we extract the SAW
dispersion from wavelengths of 4 μm to 200 nm and relate it to the
properties of the sample, including film thickness, porosity, and
material elastic properties.

■ METHODS: THERMOMECHANICAL MODELING
To extract structural and elastic properties of the sample from the
SAW dispersion, we must first create models of the metalattice and
full sample structure. A previous study by do Rosaŕio et al. performed
finite element analysis (FEA) simulations to predict the mechanical
properties of samples with similar structure as the ones in this study.55

Additionally, our previous work on silica-filled, high-porosity
metalattices indicated that although these structures contain nano-
scale features, their macroscale mechanical properties follow
continuum predictions by FEA models.22 Thus, we utilize FEA
calculations implemented in COMSOL56 to predict the elastic
properties of these low-porosity, empty metalattice structures.
Because the geometry of the pore interconnectivity within the
metalattice is not precisely known, we construct three different
models of the metalattice structure: isolated pores, interconnected
pores, and overlapped pores. The isolated model consists of spherical
pores arranged in a face-centered cubic (FCC) geometry, which is
expected from the fabrication and validated by the electron
tomography, whereas the interconnected model is identical to the
isolated model except with cylindrical channels of void connecting the
centers of the nearest neighbor pores. If the diameter of the pores in
the isolated or interconnected model is increased sufficiently, the
pores will overlap (eventually the connecting hole diameter will be
larger than the channel diameter), creating a network of overlapping
voids which we denote as the overlapped model. Thus, the overlapped
geometry is just a limiting case of the isolated and interconnected
models at large pore diameters.

We implement these different models of metalattice interconnec-
tivity geometry (visualized in Figure 3) into our FEA simulations to
calculate the acoustic wave dispersion for a metalattice that extends
infinitely in all directions. We construct a single unit cell with a fixed
side length, as the dispersion calculation is insensitive to the absolute
value of the periodicity, subject to Bloch boundary conditions on all
sides (see Supporting Information, Section S4). We set the elastic
properties of the material to that of polycrystalline silicon (Young’s
modulus = 160 GPa, Poisson’s ratio = 0.22, and density = 2330 kg/
m3)57−59 which was shown to be a good approximation in our
previous work.22 To compute the dispersion, we then search for the
lowest modal eigenfrequencies (ω) of the simulation geometry at
many different values of k,⃗ sweeping from the Γ-point to the X-point
of the FCC metalattice structure. We plot the obtained ω’s as a

function of k ⃗ as shown in Figure 3a. To compute the elastic properties
from the dispersion, we apply a linear fit to the lowest two separate
branches of the dispersion (note that the lowest branch is actually
degenerate along this direction of k-space). The slopes of the higher
and lower branches give us the longitudinal (Vl) and shear (Vs) wave
velocities, respectively. The effective Young’s modulus and Poisson’s
ratio of the material system can be expressed in terms of acoustic wave
velocities and the metalattice density (see Supporting Information,
Section S4), where the density is equal to unity minus the porosity, p,
all multiplied by the polycrystalline silicon density. The porosity can
be computed analytically for the overlapped geometries from the
following equations
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where D is the pore diameter, d is the diameter of the hole created by
the overlap, and a is the unit cell size (see Supporting Information,
Section S5 for derivation). For the isolated geometries, the porosity
can be computed from the trivial equation
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and, for the interconnected geometries, the porosity is directly
calculated from the FEA model.

Using this method, we compute the elastic properties as a function
of porosity for five different models as shown in Figure 3b. To vary
the porosity, we adjust the pore diameter size, D. We simulate an
isolated pores model (blue) from a pore diameter size of 0 to just
before the pores become overlapped, resulting in a large range of
achievable Young’s moduli (160−28 GPa). We also compute the
elastic properties for three different interconnected models: 2 nm
(green), 3 nm (orange), and 5 nm (red) radius channels. For each
interconnected model, we sweep porosity by varying the pore
diameter while holding the channel radius constant. Because we hold
the channel radius constant, a minimum achievable porosity occurs at
the point where the pore diameter equals the channel diameter. Thus,
for the interconnected models, there is a maximum possible Young’s
modulus which depends on the channel radius used. Once the pore
diameter becomes sufficiently large, the interconnected and isolated
models limit to the overlapped model (light blue) resulting in the
most compliant material. Note that if the pore size is increased too far,
the silicon is no longer interconnected, which is not a physically
realizable situation. To obtain finer resolution on the relation between
the elastic properties and porosity, we interpolate the results by fitting
a quadratic polynomial with an argument of (1 − p) because the
elastic properties of porous silicon often follow a power-law scaling, as
shown by previous studies60,61 (see Supporting Information, Section
S6 for interpolation equations).

For a SAW propagating on a semi-infinite substrate, Young’s
modulus and Poisson’s ratio are analytically related to the measured
frequency.48 However, the periodic nanolines which launch the SAWs
also perturb their velocity (due to mass loading of the surface, the
elastic stiffness of the nanolines, and the interface bonding
properties), in addition to alterations caused by the finite thickness
of the metalattice and the presence of a silicon overlayer.48,53,54,62

Therefore, we implement an FEA model of an entire period of the full
sample structure including the nanoline geometry, a silicon overlayer,
a native oxide layer, a finite thickness homogeneous film of effective
properties representing the metalattice, and the crystalline silicon
substrate, as shown in Figure 3d. We use the quantitative relations
between the elastic properties and porosity for the different
metalattice models as shown in Figure 3b as inputs for the
homogeneous film that represents the metalattice in the full sample
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structure simulations. We also utilize AFM measurements to
accurately model the nanoline height, line width, and periodicity.
Additionally, we use nominal literature properties for the 1−2 nm
native oxide layer and the silicon overlayer, whose thickness we
estimate from the electron tomography data.57−59,63−65 We apply
periodic boundary conditions to the sides of each layer, a fixed
boundary condition on the substrate bottom, and free boundaries on
the top surface to accurately match the physical experiment. Because
we cannot model a semi-infinite substrate directly, we use a
sufficiently large depth of 20 μm and validate that increasing the
depth does not appreciably alter the results.

We compare the simulated fundamental SAW frequencies in the
full sample structure to those measured in our experiments to extract
the properties of the metalattice. We vary the parameter we wish to
extract�such as porosity�in the simulation and compute several
hundred of the resulting modal eigenfrequencies for every value of
that parameter. To identify which eigenfrequency is the fundamental
SAW observed in the experiment, we perform an efficient
computation of the SAW-likeness coefficient as defined by Nardi et
al. which essentially measures the localization of acoustic energy at the
surface.53 Removing the antisymmetric eigenfrequency modes as they
will not be launched by a uniform excitation of the nanostructures, we
plot the SAW-likeness coefficient as a function of the modal
frequency, as shown in Figure 3c; the resulting peak corresponds to
the frequency of the fundamental SAW (we note that the
discretization of the eigenfrequencies is a result of the finite thickness
of the substrate). Each value of the parameter considered produces a
peak in the SAW-likeness coefficient at a specific frequency; when this
simulated peak and measured experimental SAW frequencies agree,
we know that the values for material properties and sample geometry
used in the simulation are capable of reproducing the experiment. In
Figure 3d, we display an example of the eigenfrequency mode shape
corresponding to the fundamental SAW, illustrating the periodic
surface displacement detected by our experiment and the finite
penetration depth of the acoustic wave energy for a grating with L ≈
100 nm and P ≈ 400 nm. We also use this procedure to check the
sensitivity of simulated frequencies to various input parameters,
allowing us to propagate errors through the calculations as detailed in
Supporting Information, Section S7.

While the SAW-likeness coefficient calculation is efficient, it
identifies all eigenmodes which are confined to the surface, including
longitudinal and higher order modes which only weakly or negligibly
contribute to the EUV diffraction signal and thus this SAW-likeness
method cannot be exclusively relied upon to identify the fundamental
SAW mode observed in the experiment. To validate the SAW-likeness
method, we perform a more computationally intensive projection
calculation as detailed by Nardi et al.54 In this case, we simulate the
time-dependent evolution of the nanostructure after excitation to
resolve the precise profile of the system at maximal thermal expansion.
We then decompose this initial excitation onto the modal
eigenfrequency basis and calculate projection coefficients, which
quantify the prominence of each mode in the simulated excitation. To
further confirm that the identified frequency matches that of the
experiment, we run a time-dependent simulation of the excited
nanostructure to observe multiple temporal oscillations of the acoustic
wave, a computationally expensive calculation, and model the light
diffraction from the surface. In identical fashion to the experiment, we
perform a chirp Z-transform on the modeled change in diffraction
efficiency. In both the projection calculation and the time-dependent
simulation, we find prominent peaks in agreement with the more
computationally efficient SAW-likeness method, as shown in
Supporting Information, Section S8.

■ RESULTS: ELECTRON TOMOGRAPHY
The analyzed electron images, both raw 2D projections and 3D
tomographic reconstructions, provide information on the
metalattice porosity, geometry, and thickness over a localized
area. We extract the porosity from a segmented 3D
tomographic image as shown in Figure 4, where the visualized

green volume represents the identified silicon. Movies of the
tomographic reconstruction before and after segmentation are
available in the Supporting Information. By counting the
fraction of void voxels in the tomographic image, we compute
the porosity to be 40 ± 2%, where the error arises from
variations in the three different segmentation algorithms used
(i.e., k-means resulted in the highest porosity, whereas local
thresholding obtained the lowest). A Fourier transform of the
reconstructed images before segmentation yields a body-
centered cubic pattern in Fourier space, indicating that the
pores have the expected FCC structure in real space (see
Supporting Information, Section S2). The periodicity of this
FCC structure is 35−36 nm, which we determine by
computing the distance between ellipse centroids fitted to
the segmented voids in the 2D electron projections as
described in Methods: Electron Tomography. We also
calculate the diameter and distribution of the pores in the
metalattice; however, due to imperfections and the complex-
ities of the pores’ interconnections, precise quantification is
challenging. We estimate that the average pore size is 10−20
nm based on the equivalent diameter calculation described in
Methods: Electron Tomography (see Supporting Information,
Section S2 for plotted distributions). Due to the irregularity of
the metalattice structure as shown in Figure 4, the ellipse fitting
process or the watershed segmentation will often misidentify a
single pore (and its interconnections) as multiple pores, or vice
versa. Essentially, the ambiguity in defining the boundary
between a pore and its interconnection precludes a more
precise quantification of the pore size and interconnectivity,
that is, the percentage of voids that are connected to other
voids. We note that setting D = 20 nm and a = 35 nm in eq 2
for isolated geometries implies that the porosity is ∼39%,
which agrees with the measured porosity. Therefore, if the
contiguous void regions defined as “pores” are close to 20 nm
in diameter, then most of the void volume arises from the
pores, and if the pore diameters are close to 10 nm, then most
of the void volume arises from the interconnections.

Figure 4. HAADF-STEM tomography reconstruction of a silicon
metalattice. We reconstruct a 3D image of a silicon metalattice from a
HAADF-STEM tomographic tilt series. The reconstructed image is
then segmented using global thresholding to distinguish voids from
silicon (green volume) and visualized via software tomviz.66 The
tomography data reveal the periodic pores in a FCC arrangement with
sizes and periodicities on the 10s of nanometer scale. We note that
some of the voids appear interconnected, whereas others are isolated.
The voxels of the reconstructed image are 1.4 nm. The percentage of
voids, or porosity, is 38−42% where the error represents the variance
in outputs from the different algorithms.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c09360
ACS Appl. Mater. Interfaces 2022, 14, 41316−41327

41322

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09360/suppl_file/am2c09360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09360/suppl_file/am2c09360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09360/suppl_file/am2c09360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09360/suppl_file/am2c09360_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c09360/suppl_file/am2c09360_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c09360?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c09360?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


From the cut lamellae, we also measure the film and silicon
overlayer thickness at three different positions across the
sample. We find that the thickness of the sample varies linearly
across the surface with thicknesses ranging from 398 ± 4 to
612 ± 3 nm. The thickness of the silicon layer also varies
across the sample in inverse relation to the metalattice
thickness, that is, it is thicker when the metalattice is thinner
and vice versa. We observe that this layer ranges from 19 ± 2 to
10 ± 4 nm.

The complexity of this sample demonstrates the imperative
need for more and better metrology techniques in correlative
measurements. Not only is the metalattice structure complex
and irregular but the metalattice is also a thin film which varies
in thickness across the substrate surface in addition to an
oppositely varying silicon overlayer. The 3D electron tomo-
graphic images at different positions on the sample allow us to
independently validate the metalattice porosity, pore geometry,
periodicity, pore size, and thickness. Although electron
microscopy can provide much of the necessary information
in a destructive manner, the measurement is lengthy, the
reconstruction requires enormous computational power, and
the analysis is challenging. Therefore, metrology techniques to
nondestructively measure layer thicknesses and porosities
averaged over large areas, in addition to mechanical properties,
are critical for the iterative design of novel metamaterials for
new technologies.

■ RESULTS: DYNAMIC EUV SCATTEROMETRY
Using dynamic EUV scatterometry in conjunction with FEA
models of the metalattice and full sample structures, we
nondestructively extract the porosity, Young’s modulus,
Poisson’s ratio, and thickness of the metalattice film along
with variations in the substrate properties. To extract the
properties of metalattice film independently of the substrate,
we utilize data collected on two grating geometries: L = 100
nm with P = 400 nm and L = 50 nm with P = 200 nm. These
gratings launch SAWs which are predominantly confined to the
metalattice film and relatively insensitive to the film thickness
and substrate properties. Employing the isolated pores model,
we find an average porosity fit of 38.5 ± 2.0%, which is in good
agreement with the results from electron tomography, as
shown in Figure 5a. Specifically, we extract a porosity of 35.7−
40.2 and 36−44.5% for the P = 400 nm and P = 200 nm
grating geometries, respectively. With the 2 nm channel
interconnected model, we observe porosity fits that are lower
than the isolated model and tomography results, as shown in
Figure 5a. Interestingly, the 3 and 5 nm channel
interconnected models along with the overlapped pores
model either produce unphysical results or cannot be fit to
the experimental data because these models are limited in the
material properties achievable. The error bars on the porosity
fits include uncertainty in the grating geometry, material
properties, layer thicknesses, and experimental data (see
Supporting Information, Section S7 for more details on error
bar calculations). The porosity uncertainty is dominated by
error in the experimental measurement of the SAW frequency
and grating periodicity, while error in other input parameters,
such as grating line width and oxide layer thickness, does not
significantly affect the results. The porosity values extracted
from the P = 200 nm data have higher error bars because the
SAW is more sensitive to the precise metalattice thickness due
to stronger coupling to bulk longitudinal acoustic waves within
the film and because the uncertainty in metalattice thickness

for these gratings is higher. Using the quadratic fits from Figure
3b, we can extract the elastic properties of the metalattice layer
in the isolated model, finding Young’s modulus equal to 67 ± 4
and 64 ± 7 GPa for P = 400 nm and P = 200 nm, respectively,
as shown in Figure 5b. Interestingly, we observe that the

Figure 5. (a) Extracted porosity values. Using equations fit with the
isolated model, the extracted porosities from the P = 400 nm and P =
200 nm gratings�where SAWs are fully confined to the metalattice
film�agree well with the porosity value extracted from the
tomography data. The 2 nm radius channel model results in porosity
values somewhat lower than the isolated model; however, they are still
reasonably close to the tomography value. The P = 200 nm extracted
porosity has larger bounds due to increased experimental error and
the uncertainty on the metalattice thickness. Thus, our experimental
measurements combined with finite element models can non-
destructively extract average porosity over larger areas than
tomography. (b) Extracted Young’s modulus values. We also extract
Young’s modulus and Poisson’s ratio (see Supporting Information,
Section S9 for the latter). We note that the extracted Young’s
modulus is more similar between the two reasonable models (isolated
and 2 nm channels) than the extracted porosity values. (c) Extracted
thickness. We extract the metalattice thickness using the experimental
data from the P = 800 nm periodic grating, where the SAW
propagates partially in the silicon substrate. We find a best fit
thickness of ∼500 nm. The thickness variation across the sample due
to the fabrication technique as extracted from HAADF-STEM images
is approximately plotted (gray line) and we find that if a linear
variation between measurements is assumed, our extracted value
matches well. We note that the x-axis represents physical distance
across the sample surface in ∼350 μm increments.
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Young’s modulus extracted using the 2 nm channel
interconnected model is quite similar to the result of the
isolated model even though the extracted porosity result is
dissimilar. Furthermore, we note that these values for the
metalattice Young’s modulus are similar to Young’s modulus
measurements of bulk mesoporous silicon at the same porosity
(∼60 GPa at 40% porosity), where pores on a 2−50 nm scale
are randomly distributed and interconnected, creating a
significantly different structural geometry than a metalattice.65

The extracted values and error bars for Poisson’s ratio of the
metalattice, which we simultaneously extract with Young’s
modulus, lie between 0.177 and 0.193 (see Supporting
Information, Section S9 for more details); however, our
sensitivity to the precise value of Poisson’s ratio is lower than
that of Young’s modulus.

The porosity value extracted using the isolated pores model
is in excellent agreement with the value calculated from the
electron tomography reconstruction, demonstrating that the
EUV scatterometry technique, when coupled with physical
models, can be used to nondestructively extract the porosity of
thin films. As mentioned above, the 2 nm channel
interconnected model results in lower porosity values which
do not match the electron tomography as well. We recognize
that the tomography images in Figure 4 illustrate that the
metalattice is not as perfectly uniform as assumed by the
models, especially in regards to the interconnections. To
investigate this further, we perform calculations with two more
models of the metalattice structure: we take the 2 nm channel
interconnected model with 50 or 75% of the channels
randomly removed, as discussed in Supporting Information,
Section S10. We find that these models produce Young’s
modulus versus porosity curves between the 2 nm channel
interconnected (green) and isolated (blue) model curves in
Figure 3b. The results are not sensitive to precisely which
channels have been removed. Thus, the acoustic wave
dispersion at longer wavelengths is relatively insensitive to
the precise details of the interconnection structure, implying
that volume reduction has a more dominant influence over the
long-wavelength acoustic velocity than scattering by internal
surfaces. Moreover, our experimental measurements occur over
a ∼100 μm × 100 μm area and thus average over imperfections
within the metalattice structure. Therefore, the better agree-
ment of the isolated pores model may imply that these
metalattices are, on average, better approximated by isolated
holes, while the 100% interconnectivity of 2 nm radius
channels is an overestimate of the true metalattice
interconnectivity. In other words, we suspect that the average
sample interconnection channel diameter is closer to zero than
to 4 nm (a diameter of zero implies no interconnection). As
previously discussed, the ambiguity in identifying a “pore”
versus an “interconnection” causes us to be unable to validate
this conclusion with the electron tomography data. In
summary, if one a priori knows, or can determine, a reasonable
geometrical model for the actual metalattice sample structure,
dynamic EUV scatterometry can be used to nondestructively
extract the elastic properties and porosity of thin films.

If an appropriate model of the metalattice, or a different
nanostructured material, is not available or cannot be
determined, our technique can still be used to nondestructively
extract the elastic properties. This capability has applications
well beyond metalattices, extending to mechanical character-
ization of more general, complex nanostructured films, such as
nanogranular thin films that have been studied by ultrafast

optoacoustic techniques.67,68 We demonstrate characterization
without a metalattice structural model by using the porosity
values obtained from electron tomography as direct inputs into
the simulation. In this situation, we do not need to use a model
of the metalattice structure (in particular, we do not need the
results of Figure 3a,b); the porosity determines the density,
whereas Poisson’s ratio can be assumed because it has much
lower sensitivity than Young’s modulus, as seen from Figure
3b. Thus, the only unknown is Young’s modulus and we can
directly fit it, as done in ref 22, finding a result of 66 and 64.5
GPa for P = 400 nm and P = 200 nm, respectively,
independent of any assumptions on metalattice structure.
This result is in excellent agreement with our extraction of
both elastic properties and porosity using the dispersion
calculations, lending validity to our approach. Moreover, we
note that these results are in closer agreement with the isolated
pores model than the 2 nm interconnected pores model,
further confirming our deduction that the former is more
representative of the physical sample. Essentially, the
dispersion calculations and varying structure models as
shown in Figure 3a,b package the elastic properties and
density into a single parameter p, or porosity, which can be
easily extracted from the data.

Not only can our technique extract the elastic properties and
porosity of the metalattice, it can also determine metalattice
thickness and the substrate properties. The grating with L =
100 nm and P = 800 nm, where significant acoustic energy
propagates in both the metalattice and substrate, is most
sensitive to the thickness. We simulate a grating of this
geometry with the metalattice properties set by the porosity
extracted from the smaller period gratings and vary the
thickness. We find the best agreement with experimental data
when the metalattice thickness is 515 ± 87 nm, where the error
bar arises from experimental uncertainty and uncertainties in
other simulation input parameters. Using cross-sectional
electron microscopy images, we measured the metalattice
thickness at three different locations across the sample, finding
a roughly linear variation (see Supporting Information, Section
S1 for a sample layout). The P = 800 nm grating lies between
two of our cross-sectional measurements and a linear
interpolation predicts that the thickness under this grating
should be ∼500 nm, which is in excellent agreement with the
EUV scatterometry results as illustrated in Figure 5c. Finally,
we can use the two largest period gratings, P = 2000 nm and P
= 4000 nm, to fit the silicon substrate properties, as the SAWs
launched from these gratings are relatively insensitive to small
changes in the metalattice properties and thickness. We find
that a silicon substrate orientation of (100) fits the data at both
large grating periodicities well. Although the fits for the P =
4000 nm precisely agree with the literature, we observe that the
elastic tensor fits for P = 2000 nm are slightly more compliant.
We hypothesize that this is due to strain localized near the
film−substrate interface, to which the smaller period grating
will be more confined and more sensitive (for more details, see
Supporting Information, Section S11).

■ CONCLUSIONS
In summary, we utilize electron tomography to probe the void
geometry and porosity, and dynamic EUV scatterometry to
nondestructively extract the porosity, Young’s modulus,
Poisson’s ratio, and thickness of low-porosity silicon metal-
attice thin films. Using our coherent, short-wavelength probe
pulses, we detect SAWs with nanometer-scale penetration
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depths, whose dispersion is sensitive to film properties and
thickness. By constructing continuum models of the metal-
attice structure, we link the porosity to the elastic properties to
extract all parameters simultaneously and find that an isolated
pores model represents these metalattices better than pores
interconnected by channels with radius ≥2 nm. We include
effects of a native oxide layer, silicon overlayer, and finite film
thickness into our models and find excellent agreement with
measurements made by electron tomography and cross-
sectional electron microscopy. Moreover, our measurement
approach could be adapted to ultrathin, complex nano-
structured films beyond metalattice films, even where details
on the nanostructuring are unknown and bulk theoretical
models fail, such as ultrathin nanoparticle films. This work
demonstrates that combined and correlative measurements of
complex, nanostructured samples with feature sizes on the 10
nm scale and below are critical for the progress of new nano-
and quantum technologies.
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